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S&C HIGH VOLTAGE POWER FUSES SIMPLIFY PROTECTION PROBLEW 


ANY tons of vital copper, brass and steel hav 

been saved by using S & C Type “SM” Hig 
Voltage Fuses for power system protection. The 
are used in scores of large ordnance works an 
war production plants. 


S &C Power Fuses are not destroyed when the 
operate, but are put back in service by replacin: 
the Re-Fill Unit in which less than a pound c 
metal is used. 


Deliveries are faster, initial and maintenanc 
costs are low, installation work simplified—an: 
less space is required. 


Type “SM” Fuse ratings are from 1 to 400 ar 
peres, with short circuit interrupting ratings up t 
1,000,000 KVA. They are made for indoor c 
outdoor service for use on 2300/4000, 660C 
13,200, 22,000, and 33,000 volt circuits. 


SHORT CIRCUIT-INTERRUPTING RATINGS IN R.M.S. AMPERES 


Fuse Voltage Rating > 7,500 7,500} 15,000}23,000/34,500 
Circuit Voltage >] 2,300/4,000 | 6,600] 13,200/22,000/33,000 
Type **SMPC-4 17,500 15,000) 12,500} 10,000} 7,500 


and SMP-4 27,500 25,000/20,000} 15,000} 10,000 
Size of **SMPC 5 30,000 25,000}20,000] 17,500] 15,000 
Holder SMP-5 40,000 35,000!30 000!25,000!20,000 


**Equipped with Condenser 
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Air-Blast Breakers. Two papers on air- 
blast circuit breakers in this issue describe: 
(1) short-circuit tests on Canadian installa- 
tions ranging in rating from 4 to 230 kv 
(Transactions pages 859-63); principles of 
design and operation of high-voltage air- 
blast circuit breakers, and the construction 
of two air-blast breakers rated, respectively, 
150 and 220 kv (Transactions pages 869-75.) 


A-C Wave Form. With the increasing ne- 
cessity of wave-form standardization, differ- 
ent standards have been developed in differ- 
ent fields, as in power, communication, and 
insulation. While standards, once set up, 
should remain fairly stable, they should also 
be subject to review and occasional change 
to keep in step with technological advances 
(Transactions pages 864-8). 


Ring-Bus Characteristics. Network-ana- 
lyzer studies on a transmission system hav- 
ing a three-winding transformer ring bus 
and on the same system using a standard 
high-voltage bussing arrangement proved 
that transient stability limits are higher and 
fault currents lower for the three-winding 
transformer ring-bus system (Transactions 
pages 848-9). 


A-C Network Analysis. A conventional 
d-c calculating board may be used to solve 
complex problems of load distribution and 
voltage conditions for a-c networks. For 
short-circuit work this method can be used 
to advantage where (1) the resistance of 
the network circuits is appreciable, so that 
a network setup representing reactance does 
not give sufficiently accurate results, and 
(2) a setup representing impedance is in- 
accurate because of differences in ratio of 
X to R for the circuits forming the network 
(Transactions pages 875-80). 


Single-Pole Service Restorer. A single- 
pole service-restoring device utilizes an 
application for the prestoring of operating 
energy and the restoration of the utilized 
operating energy after transient fault con- 
ditions (Transactions pages 889-92). 


Lightning Protection. Basic principles of 
adequate protection for hazardous struc- 
tures are gained from experience with simi- 
lar shielding of electric-power systems, says 
a lightning engineer. Proper location of 
masts or ground wires, necessary sizes of 
conductors, necessary clearances between 
parts of the shielding system and the struc- 
ture being protected, and ground resist- 
ances obtained with different types of 
grounds are considered (pages 597-7). 


Power-System Interconnection. Inter- 
connection of three important hydroelectric 
systems in Canada, made necessary by war 


needs, involved combining power resources 
of nearly 4,000,000 horsepower and has 
increased the combined firm power capac- 
ity far beyond the sum of the capacities of 
the individual systems when they were 
operated independently (Transactions pages 
841-7). 


120-Kv Oil-Filled Cables. Design, manu- 
facture, and installation of a 120-kv oil- 
filled cable system recently installed in 
Canada as a link in a large interconnection 
scheme are described in a paper in this 
issue. Functions of the various sections and 
reasons for choice of method of effecting 
the interconnection are explained’ (Trans- 
actions pages 881-9). 


Inverse Functions. Formulas for inverse 
functions of complex quantities, such as 
sin-! (x-7y), are of use in calculations for 
transmission circuits, particularly in con- 
nection with communication circuits 
(Transactions pages 850-3). 


Transformer Differential Protection. Tol- 
erances in the selection of current trans- 
formers and factors affecting the selection 
of relays for that purpose are considered 
in a discussion of the protection of inter- 
connected wye and zig-zag transformers 
and Scott-connected transformers by the 
usual current-differential method (Trans- 
actions pages 854-8). 


Correction. In the first paragraph of 
column two of M. Hochstadter’s letter to 
the editor on compression and oil-filled 
cable versus gas-filled cable (EE, Novem- 
ber’ 42, p. 586) the second and third sentences 
should read: “‘European engineers are cer- 
tainly biased in this matter as they believe 
in the necessity of a lead sheath. In fact 
they have hitherto abhorred designs. . .” 


Energy Flow in Electric Systems. Ex- 
amples of the commonly used Vi energy- 
flow postulate show it to be not generally 
valid, but by adding a simple term it can 
be made equally valid with other valid 
energy-flow postulates. The application of 
this corrected energy-flow postulate is 
demonstrated (Transactions pages 835-41). 


Hunting. An electronic circuit for deter- 
mining power-angle oscillations in syn- 
chronous machines during periods of hunt- 
ing is described in the AIEE national 
Branch prize paper for the academic year 
ending June 30, 1941. The method is 
said to have certain advantages over pre- 
vious methods (pages 603-06). 


Developments in Switchgear, The history 
of switchgear apparatus in Europe and 
America and the present trends in develop- 
ment of switchgear on both continents have 
been analyzed in the light of current needs 


and facilities. The requirements of each 
of three major classes of switchgear are 
considered individually (pages 609-13). 


Wave Guides. Methods for determining 
the shape and size of wave guides for ultra- 
high-frequency transmission and the mode 
of transmission to be used are discussed in 
an article in this issue. Rectangular and 
cylindrical guides as well as transverse- 
electric and transverse-magnetic modes of 
transmission are described (pages 598-603). 


Mica. Domestic resources of mica, at 
present an urgently needed raw material, 
are being developed. In an article in this 
issue the chief mica sources are pointed out 
and the production and classification of the 
various types of mica are discussed (pages 
607-09). 


“TJ Aman American.” An AJEE member 
who is a naturalized American citizen of 
Armenian background tells what being an 
American means to him (pages 674-15). 


Coming Soon. Among the special articles 
and technical papers now in preparation 
for early publication in Electrical Engt- 
neering are: an article on inventions and the 
engineer by W. E. Crawford (F’36); a 
description of the improvement of the 
lighting in the auditorium of the Engineer- 
ing Societies Building by S. W. Bruun 
(A ’40); a discussion of power facilities and 
problems in South America by R. P. Crip- 
pen; an outline of power-line transposition 
practices by F. Von Voigtlander (M ’38); 
an analysis of a practical equivalent circuit 
for a five-winding transformer by L. C. 
Aicher, Jr. (A ’37); a report on the correla- 
tion of overvoltages with system-grounding 
impedance by an AIEE group; a study 
of hunting and self-excitation of a 300-mile 
transmission line by R. B. Bodine (A ’37), 
C. Concordia (M ’37), and Gabriel Kron 
(A’30); a discussion of equivalent cir- 
cuits for oscillating systems by Gabriel 
Kron (A’30); a discussion of a polyphase 
adjustable-speed motor and its control cir- 
cuit by A. G. Conrad (M ’40), S. T. Smith 
(Enrolled Student), and P. F. Ordung (En- 
rolled Student); an analysis of rating 
methods for intermittent loads by R. E. 
Hellmund (F 13, deceased); a considera- 
tion of the dielectric-recovery character- 
istics of large air gaps by G. D. McCann 
(A’38) and J. J. Clark (A 40); a study of 
representative circuits with and without 
series-capacitor compensation by H. A. 
Peterson (M’41) and T. W. Schroder 
(A’37); a description of an instrument for 
the determination of contact making and 
breaking time by Walther Richter (F ’42) 
and William H. Elliot (A’40), and pres- 
entation of a method of calculating per- 
formance on tapped-winding capacitor 
motors by P. H. Trickey (M 36). 
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on the chessboard of global war is begin- 
ning—the offensive! But this could not have 
taken place until the first move—the pro- 


well 


working to- 


duction of the implements of war—was 
begun. Management and labo1 
gether, are delivering tools of war in eve1 


\ flood of 


planes, ships, tanks and other mobile 


increasing quantities. » » 


units is pouring from American fac- 
tories. Okonite is making many of 


the insulated wires and cables on 


which they depend for power, con- 


trol and communication. Even the 


Whe Second Vital Move 


oa 


BUY U.S. WAR BONDS Every Payday All Okonite Employees BUY 1 


dearth of rubber has not stopped us, because 
our research laboratories years ago learned 
how to use synthetics and other materials for 
insulation. » » Without the constant faith in 
our country’s future that spurred us and hun- 
dreds of other American Industries to main- 
tain these research laboratories—ou1 
armed forces might still be waiting 


tools of Victory. 


for the necessary 
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SWITCH TO THE OTHER CABLE 


~-~In ease of overload or trouble on the 
main feed cable. Or in case you want to 
connect a new branch to the main cable. 


Use G&W TYPE RA 


SELECTOR OIL SWITCHES 


Safe, practical sectionalization of high 
voltage distribution systems is easy with 
G&W Type “RA” multiple way Oil Dis- 
connects. They are designed for it, 
built for it. Metal-enclosed switching 
links are gang operated by the external 
handle which can be padlocked in 
either position. Incoming and outgoing 
circuits terminate in unit potheads or on 
porcelain bushings. 


G&W Type “RA” Switches vary in 
design to meet different requirements. 
Many types are made for direct attach- 
ment to transformers (with the outlet 
bushings on top eliminated). 


Type “RA” Oil Switches are avail- 
able in 600, 7500, 15,000, 23,000 and 
34,500 volt ratings. Full load break-up 
to 400 amperes, 7500 volts. Charging 
current load break at 15,000 volts. 
Automatic transfer mechanisms can be 
furnished on double throw oil switches 
in 7,500 and 15,000 volt ratings. 


The switch illustrated is a Type ‘RA’ double throw, 3 pole, 7500 volts, 400 
amperes. The cable heads accommodate up to 500 Mcm cables. This switch is 
furnished with or without an elec- 
trical interlock. It can be equipped 
for Cory or Kirk keylocks. 


The tank has 
sight glasses 
for inspection 
of oil level 
and position 
of switch 


ims 


We shall be pleased to send you 
drawings and prices on the par- 
ticular form of G&W Type “RA" 
oil switch that best meets your 
requirements. Write us today. 


LJ 


G & W ELECTRIC SPECIALTY COMPANY 
7780 DANTE AVENUE CHICAGO, ILLINOIS 


IN CANADA—POWERLITE DEVICES, LTD., TORONTO 
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POTHEADS . . . BOXES .. . OIL FUSE CUTOUTS . . . OIL SWITCHES AND MULTIPLE CIRCUIT OIL DISCONNECTS 


Lightning Protection of Hazardous Structures 


G. D. McCANN 


ASSOCIATE AIEE 


UR present knowledge Separately mounted shielding systems, such long as they are correctly 

of the characteristics as vertical diverter masts or ground wires, installed in accordance with 
of natural lightning and are best for most hazardous buildings, be- the ‘“‘Code for Protection 
the protection of electric- cause they produce adequate shielding and Against Lightning.”! The 
power systems, gained from sufficient clearances to prevent sparking. degree of protection neces- 
Operating experience and Cost of materials and installation are less than sary depends upon_ prop- 
the extensive investigations with the use of lightning rods, since conduc- erty value, vulnerability on 
conducted during the past tors for the masts and ground wires are hazard, and probability of 
25 years, has provided con- smaller, and corrosion-resisting steel wire can direct strokes. The best 
siderable information which be used instead of copper. Location of masts possible protection is of 
can be applied to the pro- or ground wires, sizes of conductors, necessary considerable importance for 
tection of structures other clearances, and ground resistances are con- structures in which petro- 
than transmission lines and sidered in this article. leum products, inflammable 


substations. Lightning rods gases, and explosives are 


have been used for many being handled or stored. A 


years for a wide variety of buildings and other structures very large number of these are being constructed at the 
and have considerably reduced lightning damage. As the present time throughout the country. Protection meth- 
realization has been reached that their true function is ods which have been found sufficient for ordinary 
to protect against direct strokes and not to prevent buildings are not necessarily adequate for these. It is 
them, and as the importance of obtaining good grounds felt that more general application of methods applied 
has become better appreciated, the efficiency of thi to power systems will result not only in better protec- 
type of protection has been increased. Experience in- tion, especially for these hazardous structures, but also 
dicates that most of the common types of structures, such a saving in critical materials and labor as compared to 


present methods of protecting such structures. 
I | 


as rural farm buildings and the like, can be protected to 
a sufficient degree with the conventional application of sites 
PROBABILITY OF DIRECT STROKES 
lightning rods mounted directly on the structure, as 2 


; = @.. eS eee . al ‘ The variation of lightning conditions throughout the 
: ] ahs aes with stinchouse ectric and , : ‘ ; : . : 
G. D. McCann is central-station engineer with Westinghouse El ic and Man United States is best shown by the isoceraunic map a 
facturing Company, East Pittsburgh, Pa. | 
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Figure 1, which gives the average over a 30-year period of 
the number of thunderstorm days each year occurring 
in different parts of the country. For the eastern part the 
average is about 30 storm days per year, a value that is 
usually taken as a basis for comparison. The frequency 
and severity of storms varies considerably from year to 


Annual isoceraunic map showing the number of 


Figure 1. 
thunderstorm days per year (Alexander’) 


year and in any region with local conditions of terrain 
and storm paths. However, it is possible to determine the 
order of magnitude of the frequency with which objects 
are likely to be struck and the factors which influence 
this. Through lightning field investigations® such records 
have been obtained for structures in regions of isoceraunic 
storm levels lying between 25 and 40. These data are 
given in curve A of Figure 2 and show that below about 
500 feet the probability of strokes is about proportional 
to height. Supplementary data’ obtained from labora- 
tory model studies have determined the effect of the 
horizontal dimensions of the structure. The area it 
covers is the principle factor as shown by curve B of 
Figure 2. For buildings whose horizontal dimensions 
are of the same order of magnitude as their height, area 
has little effect, and curve A can be used directly. Ob- 
jects very low in relation to the area which they cover, 
such as oil reservoirs, are not likely to attract strokes 
from a sky area larger than their own area. The prob- 
ability of direct strokes is directly proportional to the area 
of the structure and the number of strokes which emanate 
per unit area of sky. Data obtained on strokes to trans- 
mission lines together with laboratory studies* indicate 
that an average figure for the number of strokes emanat- 
ing each year from a square mile of sky area in regions 
of isoceraunic storm level of 25 to 40 is about 9.5.° For 
estimating purposes the expectancy of strokes in regions 
varying considerably in the number of storms than that 
to which the curves of Figure 2 apply can be obtained by 
using the direct ratio between the respective isoceraunic 
levels. 

The data of Figure 2 apply to structures situated on 
essentially level terrain and sufficiently far from other 
objects so that they will not shield it. The shielding 
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provided by such adjacent objects is treated in a later 
section. Curve 2) shows that an average sized structure 
25 feet in height may be struck as often as once every 
30 or 40 years, while one of large extent having an area 
of, say, 40,000 square feet, about once every ten years. 
Some of the modern ordnance plants may have several 
hundred buildings so that there is a good likelihood of 
several in each plant being struck each year. The oil 
reservoirs of tank farms frequently cover as much as 
one tenth to one quarter of a square mile. Thus, there 
is a probability that one to three direct strokes would 
occur each year if they were not adequately shielded. 


SHIELDING 


Some types of structures, such as metal tanks, are es- 
sentially self-protected in that they provide an adequate 
continuous conducting path for a stroke which would 
contact them. The most complete protection of any 
structure or any portion of a structure for which this is 
not the case would be obtained by providing a complete 
metallic shell around it which would be struck instead. 
This is seldom practical, however, and recourse is usually 
taken to placing a few well-grounded objects, such as 
vertical conducting masts or horizontal ground wires, 
either above or around it, to provide a sufficient degree 
of protection. Their proper location in order to provide 
such adequate shielding has been a subject of considerable 
study in connection with the protection of transmission 
lines and substations. Standard types of lightning rods 
as commonly installed on the ridges and elevated points! 
usually provide sufficient shielding for most structures. 
However, this procedure does not always provide the 
degree of shielding necessary for hazardous structures. 
As a result of laboratory studies with models and operat- 
ing experience,** the necessary locations of masts and 
ground wires relative to exposed points have been deter- 
mined as a function of their efficiency of shielding. In 
Figures 3 and 4 are given data for the determination of 
the configuration to provide what is considered to be the 
best practical shielding. Figure 3a applies to the use of 
a single vertical mast. The necessary height (») in feet 
above any point of a structure to be shielded is given as a 
function of the height (d) of that point above ground and 
its horizontal distance (x) from the shielding mast. In 
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areas overlap, the curves of Figures 3b and c apply. 


The region in which various combinations of masts or 
ground wires will protect objects of a given height is 
shown in Figure 4. 

In the use of these data, configurations of masts or 


_ wires can first be chosen so that the higher and apparently 


more exposed points of the structure lie within the area of 
shielding as determined from Figure 4. These points will 
generally be close enough to the same height that one 
value can be used for d. The necessary elevation y of 
the shielding system can be determined from the curves 
‘of Figure 3 so that the dimensions x and S provide an 
area sufficient to protect all of these points. The ade- 
quate protection of lower points that may lie outside of 
the area so determined can then be checked by determin- 
ing the larger area of protection for the new height (d) 
and correspondingly greater elevation (9) of the shielding 
system above these points. This will be illustrated in 
examples given later. 


NECESSARY SIZE OF GROUND LEADS 


All of the shielding circuit which conducts the light- 
ning current to ground, including the aerial ground wires 
or the terminating points of vertical masts, the ground 
leads connecting them to ground, and the driven rods or 
buried conductor constituting the grounding, need to be 
of sufficient current-carrying capacity for lightning- 
stroke currents. In the past! it has been customary to 
specify that, if the ground leads are copper, they should 
have an equivalent-current carrying capacity of about 
number 2 American wire gauge conductor which is 
approximately one-quarter inch in diameter. If gal- 
vanized steel is used the equivalent of a three-eighths 
inch diameter conductor is specified. It is now realized, 
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(C) MULTIPLE MASTS 


(d) TWO GROUND WIRES 
Figure 3. Curves for determining the location of masts and 
overhead ground wires to shield a structure adequately 


Necessary height (y) of shielding objects given as function of height (d) 
of protected structure and the horizontal distances x and S which determine 
regions protected 
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THREE MASTS 


FOUR MASTS 


(a) (b) 


Figure 4. Regions in which points at a given height (d) are 
protected by various combinations of shielding masts and over- 
head ground wires 


however, that a number 6 American wire gauge con- 
ductor in either copper or steel has more than the 
necessary Current-carrying capacity and sufficient me- 
chanic strength for most applications. Mechanical 
strength and corrosion are the primary limitations in size. 
Where overhead wires are used for shielding, however, 
greater fusion due to arc contact occurs. It is thought 
that the minimum conductor size which is safe to use for 
overhead wires is number 2 in either copper or galvanized 
steel. Stranded conductors are usually best. The 
terminal points of masts do not need to be so large, since 
the fusion upon stroke contact would only fuse at the 
most, a few tenths ofan inch of the tip. A number 6 
wire, if properly supported, is adequate, and special 
high-conductivity tips are not required. About three- 
eighths-inch rods are the smallest that can be driven, and 
any standard ground rod has adequate current-carrying 
capacity. Data5® are now available on the necessary 
thickness of sheet metal in order that holes or appreciable 
pockets will not be fused by stroke contact. Sheets 
greater than about three-eighths inch thick cannot be 
appreciably damaged by the most severe stroke. Thus, 
metal tanks and the like, which are self-protecting in 
every other respect, do not require shielding if con- 
structed from metal of at least this thickness. 

The use of the smaller conductor sizes recommended 
here results in a considerable savings in materials which 
are critical at this time. Galvanized steel used instead 
of copper can represent a considerable saving in the 
more vital metal. 


NECESSARY CLEARANCES 


Any region completely enclosed by metal surfaces is 
shielded not only from contact by direct strokes but also 
from the fields of any electrical disturbance emanating 
from without. Potential differences for producing spark- 
ing cannot be developed. Metal storage tanks which are 
completely sealed off would require no form of protection 
for their contents. Grounding of the tank is only neces- 
sary to prevent possible injury or damage on the outside. 
Sufficient bonding of all surfaces which are not continu- 
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CREST 


Figure 5. Prob- 
ability of the mag- 
nitude of crest cur- 
rent and rate of 
current rise in 
lightning strokes 
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ous and the proper application of flame arresters at all 
vents of tanks containing inflammable material usually 
constitutes sufficient protection. 

Little attention need also be given to the contents of 
buildings whose roofing and siding surfaces are metallic 
and adequately bonded. However, many cases of 
hazardous buildings have been encountered where 
bonding was not provided. In some cases the metal 
sheeting used was coated with an insulating material 
so that bonding was very difficult. Unbonded buildings 
of this type in most cases provide sufficient shielding from 
electric fields and sparking in their interior, but hazard- 
ous sparking is liable to occur between sheets of the 
material. This is most likely to occur when the shielding 
system is mounted directly on the structure. ‘Then arcs 
of high current from the stroke with sufficient energy to 
constitute a fire hazard can be produced. This hazard 
is greatly reduced when the shielding system is moved 
away by separate mounting, as will be discussed later. 
However, in some cases, low energy sparks can be pro- 
duced even by indirect strokes occurring in the vicinity 
of the structure.’’ For any building in which this would 
constitute an explosion hazard, such construction should 
not be used unless adequate bonding is provided. 

The effectiveness of such interior shielding from elec- 
tric fields decreases as the amount of metallic surface is 
decreased. However, practically all buildings con- 
structed of reinforced concrete or structural steel for 
the roof, floor, and all sides, all bonded together, provide 
adequate interior shielding. The only necessary require- 
ment is that a continuous metallic path be provided 
from the stroke terminal point to this metallic grid and 
then to ground, so that no sparking will be produced 
that might crack intervening concrete or otherwise 
cause a sparking hazard. 

When only a relatively few conducting paths are pro- 
vided to ground, it is necessary that their inductive 
impedance and the grounding resistance be low enough, 
relative to the clearances from all metallic objects which 
might provide another stroke path, that sparkover can- 
not be developed. Such sparking potentials are deter- 
mined by the nature of the stroke current and the im- 
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pedance offered to it by the grounding system. The 
character of the wave shape of lightning-stroke currents 
is shown in Figure 5a; the current usually rises’in a 
period from one to ten microseconds to its crest magnitude 
and then decays to essentially zero value in a period of 
from 20 to 100 microseconds. The crest magnitude of 
the voltage produced across a ground can be con- 
sidered as being equal to the product of its measured re- 
sistance and the crest magnitude of the portion of the 
stroke current which passes through it, or it can be con- 
sidered in most cases as being equal to the product of 
the total stroke current and the parallel resistance of all 
the grounds connected to the shielding system. The 
magnitude of the inductive voltage across a conductor 
connecting a ground can be considered as equal to the 
product of the inductance of the lead and the average 
rate of rise of the current to its crest. The rate of cur- 
rent rise reaches its maximum and decays to zero by the 
time the current is maximum, and for all practical pur- 
poses the two voltages can be considered as occurring 
at separate times. The curves of Figure 5b give what is 
considered to be the best available data on the prob- 
ability of the crest magnitude and the average rate of 
current rise in a stroke. The maximum crest is 160,000 
to 200,000 amperes, and the maximum average rate of 
current rise that has been recorded® about 40,000 am- 
peres per microsecond. In designing for the best possible 
protection these figures should be used. 

The self-inductance of a ground lead can, to good ac- 
curacy, be considered as about 0.4 microhenry per foot 
of length. The nonconducting paths over which spark- 
ing may occur can usually be in two classifications. The 
first of these is air which has a minimum flashover volt- 
age of about 180 kv per foot of spacing for voltage surges 
of the wave shape produced by the potential across the 
grounds and about 370 kv per foot for those correspond- 
ing to the inductive drop. For practically all other sur- 
faces, such as wood, stone, brick, and the like, conserva- 
tive values for the two corresponding flashover potentials 
are 80 kv and 150 kv per foot of surface. The curves of 
Figures 6 and 7 have been developed to show the neces- 
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sary clearances which must be maintained to prevent 
flashover. When the possible flashover gap consists of 
several in series, the effective length can be considered 
as the sum of the separate spacings. In Figure 6 is 
shown the necessary clearances which must be main- 
tained from the shielding system and any objects sepa- 
rately grounded, or the effective clearance necessary to 
true ground, as a function of the effective combined re- 
sistance of the shielding system’s grounds. 

These necessary spacings are quite large, even for 
comparatively low ground resistances, such as ten ohms. 
This illustrates the importance of obtaining low resist- 
ance and interconnecting to all grounded objects such 
as grounded pipes, telephone grounds, and electric power 
grounds. For cases where metallic objects are not con- 
nected to a solid ground but are resting on the ground 
plane or floor of the building and probably have a high 
resistance to ground, it is possible in some cases that the 
potential along the floor of the building will rise appreci- 
ably, because of the drop across the lightning ground, so 
that this full potential difference will not appear between 
the lightning grounding system and the metallic objects. 
However, it is not safe to try to take advantage of this, 
and the minimum safe clearances between a ground or 
any part of its connecting circuit and such metal objects 
should be taken as those given in Figure 6. For deter- 
mining clearances to prevent flashover along the ground, 
the same curve applying to wood should be used. If the 
floor is a perfect conducting plane tied into the lightning 
grounds, the complete potential difference will be elimi- 
nated. For cases where lightning rods are used directly 
on a building and adequate clearance cannot be ob- 
tained, such a ground plane may be necessary. This 
may consist of a bonded reinforced concrete floor. From 
the standpoint of the potential drop across the grounding 
system, metal objects in the building do not then have to 
be grounded. However, the elimination of purely static 
sparks may require their bonding. 

Even after interconnection of grounds or the formation 
of a good ground plane at the base of the building has 
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been provided, there still exists a possibility of flashover 
because of inductive drop between grounded objects and 
the ground leads as illustrated in Figure 7. The rise in 
potential caused by the inductive drop in a lead can be 
considerable for the more severe strokes, and sparking 
can only be eliminated either by increasing the clear- 
ances or bridging the gap with a conductor. It is of 
importance that reduction in this potential difference by 
the mutual coupling which may exist between the lead 
carrying the stroke current and a metal object paralleling 
it can seldom be taken advantage of. Unless they are 
extremely close, this factor is insignificant. 


GROUNDING 


It is difficult to specify a general value for the ground 
resistance which should be provided. In all cases, as 
shown by Figure 6, the lower the total ground resist- 
ance, the better, and all grounds should be made as 
nearly equal as possible. It is most important to obtain 
low resistance when interconnection between other 
grounds and large metallic objects is not provided. 
Then in practically all cases it should be below about 
five ohms when the shielding system is mounted on the 
structure to be protected. When adequate interconnec- 
tion is provided, the safe upper limit is probably around 
20 ohms for the combined parallel ground resistance. 
When separately mounted shielding systems, such as 


2) 
Figure 8. Re- 2 
: ro} 
sistance to | 
a 
ground pro- & 
vided by driven & 
ground rods 
- and buried 9 
conductors < 
me [e} £0. 30m EO Fea Boxee 
Cn lonbated rom ORIVEN DEPTH (D)—FEET SPACING(S)— 
4 KA (a)SINGLE DRIVEN _(D)RATIO OF RESISTANCE 
formulas of H. B. GROUND ROD OF GROUND RODS IN 
: PARALLEL TO THAT 
Dwight.° Curves g OF A SINGLE ROD 
apply directly toan & 
average soil resis- + On 
os = Es 
tivity of 100 meter- © wi 
rs) 
ohms. For other & ral 
resistivities multi- i be 
3) a 
ply resistance by 2 iad 
ratio of actual soil &% 0 200 400 600 0 40 8010 
Rar nH ic < 
resistivity to 100 i LENGTH (L)-FEET LENGTH OF ARM(L)—FT 


(c) SINGLE BURIED CON- 
DUCTOR OR COUNTER- 
POISE 3/4” IN DIAM 


(d)BURIED CONDUCTORS 
LAID AT 
RIGHT ANGLES 


separate diverter masts or ground wires, are used, the 
clearances can be made as large as necessary, and a 
greater flexibility in ground resistance is permissible. 
In Figure 8 are given curves which show the ground 
resistances that can be obtained with various combina- 
tions of driven ground rods and buried conductors or 
counterpoise. These curves are based upon an earth 
resistivity of 100 ohms per cubic meter or 100 meter- 
As shown by Table I, this is a general average 
The resistance of a given ground is 


ohms. 
soil condition. 
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Table I. Earth Resistivity for Various Types of Grounding 
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directly proportional to earth resistivity, and the curves 
can be used for any other resistivity simply by multiply- 
ing all resistance values by the ratio of the actual resistiv- 
ity to that of 100. Ifthe data of Table I are not sufficient 
to form an idea of the earth resistivity in a given region, 
and no grounds whose configuration is known are avail- 
able for measurement, a rod can be driven a given depth 
and measured. Earth resistivity, of course, varies with 
moisture content and is lowest when this is highest. 
However, either a driven rod or a buried conductor has 
its highest resistance just after it is installed, because its 
surface contact with the earth is poor until packed down 
by successive rains. ‘Thus, if the resistance is low enough 
just after installation, it should be satisfactory at all 
times. 

As shown by Figures 8a and c there is a limit to the 
length of either a driven rod or buried wire beyond which 
little is gained in decreased resistance. ‘The use of mul- 
tiple rods driven in parallel does not lower the resistance 
in direct ratio to the number of rods, unless their dis- 
tances apart are very great. The effectiveness of parallel 
rods is shown in Figure 8b. The diameter of a rod or 
buried wire does not greatly affect the resistance in the 
practical range of sizes, nor is the variation very great 
in the resistance of a given counterpoise for the range of 
depths which is economically practical. 


SEPARATELY MOUNTED SHIELDING SYSTEMS 


We have seen that where limited clearances are avail- 
able between the shielding system and the structure being 
protected, considerable care must be taken to eliminate 
chances of sparkover, either by proper arrangement of 
metal objects in the structure and the members of the 
shielding system, or by their interconnection. Such inter- 
connection has a disadvantage that stroke current paths 
are produced which are not specifically designed for this 
purpose and must be carefully inspected to insure that 
all portions of them are well bonded and of sufficient 
current-carrying capacity. The closer the stroke cur- 
rent is to all parts of the structure, the greater the 
fields which it produces, and the greater the care that 
must be exercised in the prevention of electrostatic spark- 
ing from even small insulated metallic objects. Fur- 
ther, it is frequently difficult to find suitable locations on 
the structure for mounting the lightning rods in order 
that adequate shielding be obtained. 
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These problems can be eliminated by mounting the 
shielding system entirely separate from the structure to 
be protected. Such a shielding system can consist of 
vertical diverter masts placed around the structure or 
overhead wires stretched over the structure and mounted 
on masts. Illustrations of this are shown in Figure 9. 
Such a system of protection has the only possible dis- 
advantage of appearance. It is not recommended for 
less hazardous buildings where this is an important factor. 
They can usually be sufficiently well protected by con- 
ventional lightning rods. For most buildings which are 
a serious lightning hazard, appearance is not of great 


importance, certainly not compared to safety. One 


limitation is thought by some to be the increased cost of 
such a system. Actually, however, a saving in materials 
and labor cost can, in most cases, be obtained. ‘The 
grounding system does not need to be so elaborate, less 
conductors to ground are needed, and less attention 
need be paid to the interconnecting and bonding inside 
the structure itself. Design becomes basically simpler 
and requires less detailed attention to assure adequate 
protection. It has been found that in many cases of 
ordnance-plant buildings, adequate protection cannot 
be obtained in any other way without a complete re- 
design of the buildings. This is particularly true of those 
mentioned previously, whose roofs and sides are covered 
with insulated or inadequately bonded sheet metal. 


EXAMPLES OF THE PROTECTION OF HAZARDOUS 
BUILDINGS 


The simple structure of Figure 9 is sufficiently typical 
to illustrate the application of the use of separately 
mounted shielding systems and to compare them with 
conventional lightning-rod installations. If lightning 
rods of the normal length of three to four feet were 
mounted in the usual manner along the ridge of the roof 
as shown in Figure 9a, adequate shielding would not be 
obtained. The edge of the roof is at a height (d) 12 
feet above ground and a distance (x) of 20 feet from the 
rods. As shown by Figure 3a, the necessary elevation 
(y) of the rods must be 16 feet. Thus, they should be 
16 plus 12, or 28 feet above ground, or 8 feet in length 
to protect the edge of the building. If three such eight- 
foot rods were mounted at 50-foot intervals on the ridge, 
they would shield the entire building. As shown by 
Figures 4a and 3c, two masts will shield an area of a 
width (2x) of 40 feet when S’ is 50 feet and » is 16 feet. 

This building can be shielded adequately by the con- 
figuration of diverter masts shown in Figure 9b. The 
necessary distance S between masts on opposite sides of 
the building is determined by the required clearances 
from the building. If the floor of the building is rein- 
forced concrete adequately bonded, the mast grounds 
should be bonded to it, and the mast separation from the 
building would depend only upon securing clearances for 
inductive drops in the mast-ground leads. Their closest 
point on the building should not be over 12 feet from 
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ground, and, as shown in Figure 7, about 0.6 foot is 
sufficient clearance in air. If the floor is not a good 
conducting ground plane, the mast ground should be 
kept a safe distance away as determined by Figure 6. 
As indicated by this figure, ten feet is sufficient if the 
resistance for each mast is five ohms. If the resistance is 
ten ohms, the separation should be 20 feet. 

Upon the assumption of ten-foot clearances, the maxi- 
mum spacing (S) to be used in Figure 3c is 60 feet. For 
this case the most exposed point is along the ridge at 
height d of 20 feet. If six masts are used, two essentially 
rectangular shielded areas are provided as shown by 
Figure 4a. For S of 60 feet and d of 20 feet, Figure 3c 
indicates the necessary elevation y of the masts above the 
ridge of six feet. Thus the mast heights should be 26 
feet. 

A single overhead ground wire as illustrated in Figure 
9c can also be used. Referring to Figure 3b, to shield the 
edge of the building for which x’ is 20 feet and d 12 feet, 
y should be 20 feet, or the minimum height of the ground 
wire above ground should be 32 feet. This provides a 
clearance of 12 feet from the building. If a grounded 
object extended to the roof, this would still provide 
adequate clearance to prevent flashover due to inductive 
drop as shown by Figure 7 for two ground leads of 90- 
foot length, which is approximately the distance from 
the center of the ground wire to ground. If the shielding 
grounds are not interconnected to the building, Figure 6 
shows that, for 12 feet clearance in air, the parallel 
resistance of the two grounds should not exceed 12 ohms, 
requiring about 25 ohms for each. 

The masts for Figures 9b and c can be constructed 
from standard wood poles. A 35-foot pole would pro- 
vide a height of 30 feet for the diverter masts, and a 
40-foot pole, 35 feet for the ground wire, allowing three 
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feet for sag which is more than ample. Number 6 
American wire gauge galvanized steel, extending a few 
inches above the pole top, can be used as ground leads 
for the diverter masts of Figure 9b. The horizontal 
ground wire could be number 2 galvanized steel. The 
necessary guys at the poles can be used as the conductor 
to ground. It is only necessary that this guy or the 
ground itself have the clearances specified by Figure 6. 
The insulated poles can be as close as is consistent with 
this. For normal soil conditions, driven ground rods 
are all that is necessary for the separate shielding systems. 
A buried counterpoise might, however, be necessary for 
the rod installation of Figure 9a. 

With the exception of the extended rods, the system of 
Figure 9a is similar to what has in the past been com- 
monly specified for hazardous buildings for which at 
least three-eighths inch copper conductors have been used. 
Exclusive of the metal used in the interior of the build- 
ing for bonding, this would require about 250 pounds of 
copper. The mast system of Figure 9b would require 
only about 12 pounds of steel conductor and 40 or 50 
pounds of ground rods, together with six 35-foot wood 
poles which, installed, cost only about $30 each. The 
ground-wire system of Figure 9c requires about 50 
pounds of conductor and guys, 12 pounds of ground 
rods, and two 40-foot poles whose installed cost is about 
$35 each. The ground wire would provide the least 
expensive installation for this particular structure. The 
use of either diverter masts or ground wires permits con- 
siderable fluctuation of configuration in order not to 
interfere with driveways and the like placed around the 
structure. 

Such systems have been used with good results for 
substations, oil storage reservoirs, and some ordnance 
buildings. However, their more general use for ordnance 
buildings which are now being constructed so extensively, 
would greatly reduce the hazard of such structures and 
result in a considerable savings in critical materials. 
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Ultrahigh-Frequency ‘Transmission 


in Wave Guides 


L. A. WARE 
ASSOCIATE AIEE 


UIDED TRANSMISSION as a term may apply 

to any system in which electric power is constrained 

to follow a conductor as in the open-wire, coaxial, or 
wave-guide line. The name wave guide, however, has 
come to refer to the system whereby an electromagnetic 
‘wave is constrained to move through a tube without a 
return conductor. In speaking of this method of trans- 
mission it is first necessary to review briefly the charac- 


to be along the z co-ordinate. The horizontal dimension 
is taken as b and the vertical as a. The type of transmis- 
sion to be considered is characterized by the presence of 
the electromagnetic field components, Ey Hae iis 
where E and H are the field intensities in volts per centi- 
meter and amperes per centimeter respectively (Bigs 
ure 2). 

The value of B, the phase constant, for this transmis- 


teristics of an electromag- 
netic field in the vicinity of 
a perfect conductor. In the 
first place, in such a field the 
tangential component of the 
electric field at the surface 
of the conductor must be 
zero. Also, in general, the 
electric field must be per- 
pendicular to the magnetic 
field at all points. 

An approach may be 
made to the treatment of 
wave guides by considering 
an ordinary open-wire line 


Ultrahigh-frequency, or microwave radiation 
is being employed more and more in the 
prosecution of the war, for communication 
and other specialized purposes. Unlike the 
power and audio frequencies, transmission in 
the ultrahigh-frequency region is accom- 
plished best by wave guides, or tubular 
conductors. In order to make practical use 
of wave guides, it is necessary to decide upon 
the shape and size of the guides and upon 
the mode of transmission to be used. Here 
transverse-electric and transverse-magnetic 
modes of transmission in both rectangular and 


sion can be shown to be 


B=V (w/c)?—(4/b)? 


where 5 is the width of the 
tube in centimeters and ¢ is 
the velocity of light. The 
lowest frequency which can 
be transmitted is given by 
setting B=0. That is 


w,/¢=1/b 
or 
Ff, =6¢/26b 


where f, is the cutoff fre- 


where the transmitted power 
is subject to changes pro- 
duced by the line parame- 
ters and to loss by radiation. As the frequency is indefi- 
nitely increased, radiation and resistance will result in 
a comparatively high attenuation. The radiation may 
be reduced by shielding and a coaxial cable results, in 
which the entire field is constrained to remain within 
the outer conductor. At very high frequencies the cur- 
rent flows in a very thin layer on the inside of the outer 
conductor and on the outside of the inner conductor. 
In the wave guide the field is also entirely contained 
within the hollow conductor and whatever current 
exists will flow on the inner surface of the guide. This 
article treats some practical aspects of the subject but is 
not concerned with the derivation of the basic equations 
needed. The derivation of these can be found in many 
references at present available.'-6 A knowledge of 
ordinary line-transmission theory is assumed. 


RECTANGULAR GUIDES 


The rectangular wave-guide tube has dimensions as 
shown in Figure 1 where the direction of transmission is 


L. A. Ware, associate professor of electrical engineering at the University of Iowa, 
Towa City, was associated with the researcb department of the Stromberg-Carlson 
Telephone Manufacturing Company, Rochester, N. Y., when this article was pre- 
pared. 
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cylindrical wave guides are considered. 


quency. For values of f 
lower than f,, B will be imagi- 
nary and no transmission can 
take place. This result leads immediately to the fact 
that very high frequencies or very large tubes must be 
used. For instance, if a tube 10 centimeters wide were 
used, the frequency would have to be at least as high as 


F-=3X 1019/20 =1.5 X10 cycles per second 


Thus wave guides are essentially high-frequency trans- 
mission lines and act as high-pass filters. 

From the value of the phase constant of the line the 
following are obtained: 


Up= 0/8 yg =27/8 


where 2, is the phase velocity, and A, is the wave length 
as measured in the guide. The group velocity is given by 


Vg =dw/dB =0/v, 


The above brief outline of the rectangular guide is 
based upon an exact analysis using the electromagnetic- 
field equations. In order to see more clearly what the 
configuration of the field may be within the guide, it is 
necessary to treat the problem from the electromagnetic 
standpoint. Let it be assumed that the electric field 
component is everywhere vertical as mentioned above, 
that is, in the direction of the y axis. From elementary 
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- considerations, it is seen that this electric field must be 
zero at x=0 and at x=6 on account of the perfectly con- 
ducting sides. It is shown theoretically that there is a 
sinusoidal variation of E from x=0 to x=b. The fact 
that the magnetic field must be everywhere perpendicu- 
lar to the electric field leads to the fact that the magnetic 
lines must lie in planes parallel to the x-z plane. 

It is clear that there may exist both H, and H, com- 
ponents, but no H, component. Since the transmission 


Figure 1. Co-ordinate system for a rectangular guide 


is to be in the z direction, it is to be expected that H, 
and £, should vary with x in the same manner and have 
the correct sense to produce propagation in the z direc- 
tion as given by the evaluation of the Poynting vector. 
There is no net propagation in the x direction on account 
of the impenetrability of the walls, thus the field com- 
ponents £, and H, must be such that the average value 
of their product is zero, thus making the x component of 
the Poynting vector equal to zero. The following set of 
field components is consistent with the above conditions. 


E,=A sin rx/b 
H,=B sin 1rx/b 
H,=C cos rx/b 


In the above expressions the terms involving varia- 
tions with z and ¢ have been omitted. It is safe to say 
that z will enter through e~” where y is the propagation 
constant and ¢ will enter through a sinusoidal term, e’. 


Figure 2. Field configuration for rectangular TE,,1 mode 


If these exponentials are used, it must be remembered, 
of course, that the final results must be obtained by tak- 
ing only the real part. 

On the basis of Maxwell’s equations y is calculated 
to be of the form0+ 78. Thus a=0 and 8 has real values 
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only above a frequency f,. The results of the analysis 
are: 
fine/as 
B=V (w/c? (n/d)* 
> cones 
Vi DP 
wy=cV 1—( f/f)? 


The mode of transmission outlined above is known as 
the 7,1. If both E, and E, components of the electric 


H 
DE 
Se a 
TMo, 


Figure 3. Field configuration for cylindrical TM,: mode 


field are present, other designations are used such as 
TE,, 1, and so forth. These terms are defined in a later 
paragraph. 


CYLINDRICAL GUIDES 


As for the rectangular guide already considered, the 
treatment of the cylindrical wave guide is based also 
on the field equations. The co-ordinate system used is 
the cylindrical system with r, ¢, z. The type of trans- 
mission known as 7Mp , will be briefly outlined below. 


sare 


(ere 


Figure 4. Field configuration for cylindrical TE,,: mode 


This mode of transmission is characterized by the exist- 
ence of only one component of the magnetic field, Hy. 
This means that the components of the electric field may 
be E, and E, At the outset the boundary condition 
demands that E,=0 at the inner surface of the guide. 
Incidentally, of course, the electric lines E, must all 
meet the conducting surface perpendicularly. In a 
manner similar to that used in the case of the rectangular 
guide, it can be shown that there must be a certain 
minimum diameter of tube in order to transmit a given 
frequency. 
This limiting point is given by 


fe=cp/2nb 
where b is the radius of the tube and p is 2.405, the first 
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root of Jo(x), the Bessel function of the first kind and 


zero order. The phase constant becomes 


B=V (w/c)?— (p/6)? 


The configuration of this field is as shown in Figure 3. 
Since the 7£;,; mode of transmission in cylindrical 
guides is somewhat similar to the 7,1 mode in rec- 
tangular guides, mention of it also is not out of place here. 
The same basic equations apply to all modes. For 
instance in this case 


B=V (w/c)>—(q/b)? 


where g=1.84, the first root of the derivative of 7;(x). 
Since this is a 7E mode, it has no E, component. 
However, a certain circular dissymmetry exists as shown 
in Figure 4. 


GENERAL DISCUSSION 


The 7£,; mode in rectangular guides has certain ad- 
vantages which cause it to be especially useful for trans- 
mission. In the first place if the tube is made with a 
dimension } somewhat greater than the critical value and 
a somewhat less, the tube can transmit this particular 
mode only and there is no possibility of the wave shifting 
its polarization through 90 degrees. No other mode of 
transmission in rectangular guides at the given frequency 
has as low a value of 5 at the cutoff frequency. Also 
this mode has the lowest minimum attenuation of any. 

The 7Mo1 mode has the useful property of being 
circularly symmetrical and thus it makes no difference 
if the field rotates as it progresses along the tube. 

The mode T£, ; in cylindrical guides has no particular 
advantage as far as this treatment is concerned. A com- 
parison of the 7, wave of Figure 4 with the T£o1 
wave in rectangular guides as shown in Figure 2 will 
bring out their similarity of configuration. 


Nomenclature. ‘The method of designating the various 
modes of transmission which has been introduced is 
based primarily upon the distinctive elements in the 
configuration of the field. In any mode there will be at 
least one component, either electric or magnetic, which 
is parallel to the direction of transmission. It follows 
then that either the electric or magnetic field existing 
within the guide will be entirely transverse. For in- 
stance, if there exists a longitudinal component of the 
magnetic field, the electric field will be a transverse one. 
The nomenclature is based upon the part of the field 
which is transverse only. Accordingly, if the electric 
field is transverse with no longitudinal component, it 
will be designated as a TE (transverse electric) mode. 
Similarly a 7M (transverse magnetic) mode has only 
transverse magnetic components while it may, of course, 
have all electric components. In the case of the rec- 
tangular wave guides the subscripts refer to the number 
of half wave lengths which will fit transversely into the 
tube at the cutoff frequency. The modes spoken of 
above as TEy; and Tp.» thus have no variation in the 
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field along the one dimension here taken as the vertical, 
but will have a variation in the field of one or two half 
wave lengths respectively along the horizontal dimen- 
sion. For cylindrical guides, the discussion must be 
divided into two parts, one devoted to TE waves and 
the other to 7M waves. The letters 7E and 7M have 
the same significance as before. For the 7M modes, the 
first subscript refers to the order of the Bessel function 
involved, and the second subscript refers to the number 
of the root. For instance in the mode 7Mo,; the Bessel 
function 7% provides the solution and the root used is 
the first one, which has a value of 2.405. For the JE 
modes the first subscript refers again to the order of the 
Bessel function which appears, but now the second sub- 
script is the number of the root of the derivative of this 
Bessel function. As an illustration the 7£\,; mode in- 
volves the derivative of 7, the Bessel function of the 
first kind and order unity, designated as 7,’, and the 
first root of J’ which is 1.84. 


PRACTICAL CONSIDERATIONS 


In making practical use of wave guides, it is necessary 
to decide upon three things: (1) shape of guide, (2) size 
of guide, and (3) mode of transmission to be used. It is 
well to note again the two primary modes of vibration. 
The simplest one in rectangular tubes is the 7 £1 mode 
which has a configuration as shown in Figure 2. A 
useful mode in cylindrical guides is the one designated 
by 7M 1 and shown in Figure 3. 


Methods of Excitation. ‘The two modes already men- 
tioned are set up in wave guides in an especially simple 
manner. Since the rectangular guide has electric lines 
which are shown perpendicular to the longer dimension, 
the method shown in Figure 5a is immediately suggested. 


180 DES OUT OF PHASE 
\ 


COAXIAL TUNING STUBS 


COAXIAL FEEDERS 


(a) (0) 


Figure 5. Methods of feeding rectangular guides 


Here the transverse wire fed by a coaxial cable is set 
parallel to the electric field. In order to make adjust- 
ment for the purpose of maximizing the transfer of 
power, a coaxial tuning stub is added. 

In order to set up the TE». mode, the arrangement 
shown in Figure 54 is used. In view of these two 
examples, methods of exciting any mode TE, gare 
evident. On account of the similarity in configuration 
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yi 
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kg i en the rectangular 7A, and the cylindrical TE, 
modes, a method of exciting the latter becomes evident 
also. However, the TM, mode is of more importance 
and the method used in its excitation is as shown in 
Figure 6. Here a length a of the inner conductor of a 
coaxial pair projects into the end of the wave guide and 
sets up electric flux lines as shown. The effectiveness of 


WAVE GUIDE 


Figure 6. Method of feeding TMo,: mode in a cylindrical 
guide 


the power transfer is dependent upon the length @ which 
must be adjusted for any particular guide size and 
frequency. 


Frequency Limits. Transmission will not occur unless 
the type of wave excited by the particular feeding 
method conforms to the cutoff-frequency requirements 
of the wave guide. As an illustration, assume that 
transmission through a tube having a circumference of 
3m inches is required. The cutoff frequencies for 
various modes are as follows: 


(a). TE,,1 (cylindrical) 2,310 megacycles per second. 
(6). TMbo,1 (cylindrical) 3,020 megacycles per second. 
(c). TE,1 (square) 3,070 megacycles per second. 


It is noted from the above that transmission of the 7Mo1 
mode through a cylindrical tube requires a size more 
than sufficiently large for the 7£,,; mode. This means 
that accidentally both modes may be present while 
transmitting the 7M, which is a definite disadvantage 
in that calculations cannot easily be made if both waves 
are present. However, to offset this disadvantage, it is 
to be noted that the 7Mo 1 mode is circularly symmetrical 
and for that reason detecting equipment placed at any 
point on the circumference of the guide will pick up 
signals equally well. The disadvantage noted pre- 
viously, however, causes the use of this mode to be 
inadvisable except where necessitated by other con- 
siderations. 

Turning now to the square guide, it is seen that its 
cutoff frequency is essentially the same as for the TA1o, 
mode. However, in a square guide, the cutoff fre- 
quency is determined only by the dimension perpen- 
dicular to the electric lines, and the other dimension 
may be made smaller without ill effects except through 
its influence on the characteristic impedance and 
attenuation. Also a square guide, such as that pre- 
viously shown, may transmit the given mode in two 
positions, that is, due to some irregularity, the same 
mode with electric lines at 90 degrees to the original 
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position may be set up. This is a distinct disadvantage 
because detecting equipment is usually connected to 
pick up only one polarization. The answer to this 
difficulty is to make the horizontal dimension, or dimen- 
sion perpendicular to £, slightly greater than the critical 
value for the frequency desired, and the vertical dimen- 
sion slightly less than this value. By this method then 
the 7£,; mode in one position only can be transmitted. 
Also since all other rectangular modes at this particular 
frequency require larger tubes, this is the only mode 
that can be transmitted. 


Selection of Tube Size. As indicated, tube sizes should 
be somewhat greater than the critical or cutoff dimen- 


30 


f — THOUSANDS OF MEGACYCLES PER SECOND 
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D= DIAMETER OF TUBE IN INCHES 


Figure 7. Cutoff frequencies for various modes of transmission 


sion, and in the case of the rectangular guide, one 
dimension should be greater and the other less. For 
the cylindrical guide, the curves of Figure 7 are informa- 
tive. 

In order to decide definitely on a tube size, it is neces- 
sary to consider the effect of size on attenuation. For 
most modes, a minimum attenuation exists at some 
definite frequency, and this frequency varies for different 
tube sizes. It is advisable to select a tube size which 
will give a minimum attenuation at approximately the 
frequency to be used. The 7£,; wave has a lower 
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attenuation than the 7Mo. However, for short lengths, 
this disadvantage is outweighed by the advantage, 
mentioned above, gained by the circular symmetry of 
the 7Mo,, mode. The relation for minimum attenua- 
tion in the 7M; mode is \/b=1.5. Actually, however, 
any value from 1 to 2 may be used as in this region the 
attenuation remains almost constant. For the 7Mo,1 
wave, the attenuation is almost flat over a 2,000-mega- 
cycle band. 

As an illustrative problem, assume that it is required 
to determine a tube size to transmit 3,000 megacycles per 
second and to prevent the transmission of all modes 
above 7Mo,1. The cutoff size is given by: 


3,000 X 106 = 3.76 X 10°X eee 
Pome 20 0ste- D inches 
3.76109 2.405 


y= = 3,02 inches diameter 
3,000 10° 


Thus it is known that a tube larger than 3 inches is to be 
used. From the relation \/b=1.5: 
D= 2c = 6xX1010 
TES 54) eS) 2.54) 7 
ur UD NW 08 
FX10° 
15.75 


= = 5.25 inches 

where F is the frequency in thousands of megacycles per 
second. ‘Thus for minimum attenuation, the diameter 
of the tube should be 5.25 inches. It is now necessary 
to determine whether any higher modes will be trans- 
mitted through this tube. The cutoff diameter for the 
next higher mode 7 £p ; is given by: 


3.76 X 10° 3.83 
pe 8? 


3100 = 4.8 inches 


Accordingly the 7,1; mode would be transmitted and it 
is necessary to reduce the tube size to not more than 
4.8inches. Let it be reduced tentatively to 4.5 inches and 
recheck the size by the optimum attenuation condition. 


d/b =10/2.54X2/4.5 =1.75 


This is a satisfactory size because \/é falls in the range 
from 1 to 2. Table I and curves of Figure 7 are useful 
for calculations such as these. 


Selection of Rectangular-Tube Dimensions. For trans- 
mission through rectangular tubes, it has already been 
pointed out that a form other than square should be used 
in order to maintain what may be called the original 
polarization. ‘There is also a requirement on dimen- 
sions fixed by attenuation. It can be shown that, for 
various tubes of the same circumference but various 
values of a/b, a/b should be about 1.18 where a is the 
dimension parallel to the electric field. It will imme- 
diately be noted that these dimensions will allow the 
same frequency to be transmitted with the other polari- 
zation and thus the attenuation requirement cannot be 
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used. Thus, in spite of an increase in attenuation a/d is 
made less than unity and may be made around one half 
in order to transmit as low a frequency as possible with 
as little copper as possible. The detailed considerations 
for size are somewhat involved, and in practical cases, 
since the transmission is generally for short distances, 
the primary determining factor may be convenience. 
As an illustration, the attenuation for a copper tube 
3 inches by 1.5 inches at 3X 10° cycles per second is calcu- 
lated to be about 
5.0 decibels per 


Table I. Order of Modes for Calcu- 1,000 feet. This 

lating Tube Diameters is, of course, far 

a Rae cevsaiten from the ideal 

conditions. The 

LAG ene amore pies fers: > ate vc orate TE1,1 attenuation cal- 

DO AOS NT eh aa A ee TMo,1 
Z.GG ere, eee Meee 4. TE, 1 culated fora tube 
LRN AL ieee toe lg Bae TM, : ‘ 

oi a i ee Bee eae Ne TM: with the opti- 
PRA cig see Sraiteresca. Mecst aban eh TE\,2 ‘ 

hey MO eT ee TMo, ee ratio of 1.18 

with the same 


te= 3.76 X 109 p/D inches 


D is the diameter of the tube in inches. cutoff and trans- 


mitted frequen- 

cies is about 3.0 
decibels per 1,000 feet. Note that here no attempt has 
been made to transmit the optimum frequency. That 
the attenuation can be very low for ideal conditions is 
seen from the fact that a tube of 40-centimeter circum- 
ference and the optimum a/b ratio at 4,000 megacycles 
per second is about 1.6 decibels per 1,000 feet. 

The tube considered above which has an attenuation 
of 5.0 decibels per 1,000 feet is designed to transmit 
3,000 megacycles per second. It is interesting before 
leaving this part of the general discussion to determine 
how well this tube meets the cutoff requirement. The 
cutoff frequency for a rectangular guide is given by: 


f= 6/26 


Ff, (for horizontal dimension) = 


3X 1010 


3(3)2.54 = 1,970 megacycles/second 


Thus certainly 310° cycles per second is passed easily. 
For the other dimension 


3X 1010 


Jo= 5 5)2.54 


= 3.94109 cycles /second 


Consequently this mode will not be transmitted with 
horizontal polarization. It remains only to show that 
the next higher mode T£p 2 will not be transmitted. 


A=2b/2=c/f, 
@ See 
. ae 3t(2.54) = 3,940 megacycles/second 


Since this is above the actual frequency being trans- 
mitted, the 7,2 mode will not cause any trouble. 


Selection of TE, and TMo,1 Modes. Sufficient mate- 
rial has been covered to justify the selection of the 
rectangular guide transmitting its lowest possible mode. 
For the purpose of ordinary transmission in a fixed 
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system, this method would be satisfactory. However 
it suffers from the lack of mechanical flexibility in that 
it is difficult to transmit the TEo,: mode through elements 
which may change their orientation with respect to the 
source. For this reason it would seem that it would be 
better to transmit only symmetrical waves but as stated 
above, these permit lower modes which will interfere 
with measurements. A compromise must be made by 
using a symmetrical mode in movable sections and 
changing from one to the other whenever necessary. 
This requires, of course, an easy way of making the 
transfer from rectangular to cylindrical guides and vice 
versa. The measurements, being confined to the 
rectangular sections and thus, to the one mode of trans- 
mission 7 Zp, ;, will show any irregularity in the cylindrical 


: 
| 
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sections only through an indicated increase in the transi- 
tion loss. 
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An Electronic Circuit for Studying Hunting 


MANUEL J. DELERNO 


BReOUB BE Ree Ls Bako N Bob, 


ASSOCIATE AIEE 


HEN a load is ap- Various methods have been devised for Suppose that a mirror is 

plied to a synchronous determining power-angle oscillations of syn- placed on the shaft of a syn- 
motor, there is a brief pe- chronous motors during the period of hunting chronous machine and so 
riod of unstable operation in following a change in load. This article de- arranged as to reflect a beam 
which the speed fluctuates scribes an electronic circuit for this purpose, of light from a lamp into a 
slightly in order to allow the in which a beam of light is reflected from a photoelectric cell every time 
motor to adjust itself to set of equally spaced mirrors clamped around the rotor of the machine 
the new operating condition. the motor shaft or coupling to a photoelectric is in a particular position; 
This interval of speed varia- cell; the light flashes reaching the photoelec- then while the machine is 
tion is known as the period of tric cell are amplified and impressed on the running at synchronous 
hunting. The problem of plates of a cathode-ray oscilloscope in such a speed, the photoelectric cell 
hunting is an important con- way that the resulting beam pattern on the will receive flashes of light at 
sideration in the design of oscilloscope screen shows the power-angle equal time intervals. How- 
synchronous machines, for oscillations directly. ever, if hunting occurs, the 


such oscillations may often 

cause undesirable voltage 

and power fluctuations or the falling out of step of syn- 
chronous motors. 

Although several methods have been developed for 
determining transient power-angle oscillations, they are 
all subject to certain restrictions and disadvantages. 
The new method proposed by the authors for the deter- 
mination of the hunting characteristics of synchronous 
machinery was designed with the following in mind: 


1. It should not involve any auxiliary apparatus that is difficult 
to obtain or set up. 


2. It should be readily adaptable to equipment already in service 
and not operating under special conditions, such as in a laboratory. 


3. The apparatus should be as simple as possible. 


time between _ successive 

flasheswillvary: Asthespeed 
increases, the time decreases; conversely, as the speed de- 
creases, the time increases. If a capacitor is arranged 
so as to begin charging at a constant rate at the same 
point on every wave of the potential applied across its 
terminals, and this capacitor is connected to the photo- 
electric cell in such a manner that every time the cell 
receives a flash of light, the capacitor is discharged, then 


Essential substance of a paper “An Electronic Circuit for Determining Power- 
Angle Oscillations,” which was awarded the AIEE national prize for Branch paper 
for the academic year July 1, 1940 to June 30, 1941. The paper was presented at 
the AIEE Southern District student convention, Tuscaloosa, Ala., April 4, 1941. 


Manuel J. DeLerno and Robert T. Basnett were both students at The Tulane Uni- 
versity of Louisiana, New Orleans, when the paper was presented; Mr. Basnett is 
now control engineer with the Westinghouse Electric and Manufacturing Company, 
East Pittsburgh, Pa. Mr. DeLerno is now development engineer in the industrial 
control department of the General Electric Company, Schenectady, N. Y. 
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Figure 1. Sche- 
matic diagram of 
circuit for charg- 
ing a capacitor at 
‘a constant rate 


the charge on the capacitor varies as the length of time 
between flashes varies. For a given capacitance, the 
voltage is proportional to the final charge. Hence, the 
maximum voltage would follow the same fluctuations 
as the speed; that is, this voltage variation would be 
proportional to the hunting. 

For the purpose of analysis the device that was 
evolved is considered as being made up of four distinct 
electrical and two mechanical units. The two mechani- 
cal aids consist of a lamp for-producing a focused beam 
of light, and a metal band to which are attached several 
small mirrors. These mirrors are built into frames that 
are not rigidly fixed to the band, so that adjustments 
can be made before they are set permanently in position. 
The band itself is arranged so that it can be slipped onto 
the coupling of the machine under test and clamped. 
Because of the nature of the electrical components of the 
device, it is essential that there be as many mirrors as 
the machine has pairs of poles and that these mirrors be 
spaced approximately equidistant around the periphery 
of the coupling. 

On the four-pole machine tested with the original 
apparatus, two such mirrors, about */s by !/2 inch in 
size, fastened to a 6-inch-diameter */s-inch-wide 20- 
gauge brass band, gave very satisfactory results. Details 
relating to the construction of this unit and its alignment 
are discussed later. 

The fundamental unit of the electrical system is a 
circuit for charging a capacitor at a constant rate. This 
is accomplished by connecting a vacuum  pentode 
(6S77) in series with a gaseous tetrode (2051) and a 
capacitor. The circuit diagram for this part of the setup 
is shown in Figure 1. From the characteristic curves 
of this pentode, it can be seen that once the plate voltage 
has risen above a certain minimum value, the current 
through the tube is nearly independent of the plate volt- 
age, and is, consequently, essentially constant in magni- 
tude. To prevent conduction from occurring before the 
applied voltage is above this necessary minimum is the 
duty of the 2051 tube. By supplying this tube with a 
sufficiently negative grid voltage, conduction can be 
postponed the desired length of time, after which the 
circuit acts as if this gaseous tube were not present, for 
once breakdown has taken place the current is governed 
by the pentode only, until the applied voltage has 
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dropped to such a value that it is equal to the capacitor 
voltage at which time conduction ceases. For the pur- 
pose of adjustment the grid voltage of this gaseous tube 
is provided by a phase shifter, which allows control over 
the time at which the tube breaks down and the capacitor 
charging current starts flowing. 

Connected across the terminals of the capacitor in this 
charging circuit is a second gaseous tube (2051) the grid 
potential of which is governed by the second electrical 
unit of the apparatus—a gaseous photoelectric cell and 
its amplifier. This is illustrated in Figure 2. The 
photoelectric cell receives flashes of light from the mir- 
rors fastened on the shaft of the synchronous machine, 
each flash being transformed into an electrical impulse 
which is transmitted through a single-stage resistance- 
capacitance-coupled amplifier to the grid of tube 2051. 
This grid has a bias of —20 volts, and, when it receives 
the sharp, positive pulse of about 90 yolts from the ampli- 
fier, it becomes immediately conductive, and discharges 
the capacitor bringing the voltage of the capacitor to 
zero in a very short time. This statement assumes that 
the phase relation between the photoelectric-cell pulse 
and the capacitor voltage is such that the gaseous-dis- 
charge tube is made free to conduct at some particular 
instant after the capacitor voltage has begun to rise; 
this is the normal and desired operating condition. 
Since the charging circuit is rectifying in nature, it is 
obviously useless to have the discharge occur during the 
half cycle when no charging current is flowing, and con- 
sequently no voltage across the capacitor. 

The third electrical unit required is a power supply. 
This needs no description for it is built along standard 
lines, being made of a type 80 tube and a filter section. 


OSCILLOSCOPE 


0 


Figure 2. Schematic diagram of the gaseous photoelectric 


cell, its amplifier, and the charging circuit 
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The output is 300 volts and 
is used to supply the nega- 
tive grid bias for the dis- 
charge tube and the plate 
voltages of the photoelec- 
tric cell and the 6S77 tube 
in its amplifier. The three 
units mentioned thus far are 
built on one chassis, and 
constitute the special circuit required by this method. The 
fourth unit is a cathode-ray oscilloscope or a magnetic 
oscillograph, which are usually available as individual 
__ pieces of apparatus and need not be constructed integrally 
with the circuit. Either instrument may be used in this 
work, although the oscillograph requires a special coup- 
ling circuit. However, the oscillograph has the advan- 
tage of being able to show several quantities on one film. 
The oscilloscope is somewhat easier to use, although it re- 
quires that a photographic record be taken, for the hunt- 
ing wave obtained is not a periodically repeating wave 
such as a wave of current or voltage in a stable circuit. 
The results described herein were obtained with a cath- 
ode-ray oscilloscope and the remaining discussion re- 
lates to its use, but it should be remembered that the 
magnetic oscillograph would serve equally as well. 

The vertically deflecting plates of the oscilloscope are 
connected to the terminals of the capacitor in the charg- 
ing circuit. If then the proper sweep frequency is 
chosen, and the synchronous machine is operated at 
constant load so that no hunting occurs, a triangular 
wave appears on the screen of the instrument. Figure 3 
shows the form of this wave. How it originates is as fol- 
lows: Current begins to flow in the charging circuit at 
some instant regulated by the phase shifter. Because 
this current is constant in magnitude, the charge across 
the capacitor increases at a constant rate, and the 
capacitor voltage rises accordingly. Before the ca- 
pacitor has completed its charge, however, it is discharged 
by the photoelectric cell, and its potential drops to zero 
until the next cycle. When the load on the machine is 
changed, and equilibrium has been re-established, the 
length of time that elapses between the beginning of the 
charge and the discharge pulse is likewise changed, due 
to the shift made by the rotor. This causes an increase 
or decrease in the height of the triangular wave that is 
proportional to the change in power angle of the ma- 
chine. Strictly speaking, the variation in altitude is 
proportional to the shift in phase between the rotor and 
the applied voltage, but this is close enough to be con- 
sidered as equal to the shift in power angle. 

During the period of instability or hunting, the ampli- 
tude of the triangular wave is constantly varying. This 
variation can be seen on the screen, but is of little value, 
since one deflection falls right on top of the preceding one 
and the eye is not quick enough to follow the cycle of 


Figure 3. Form of wave 
recorded on the oscillo- 
scope screen 


scope. The internal sweep circuit of the average instru- 
ment is not suitable for this purpose, and an external 
Sweep must be used, The voltage across a capacitor 
that is charged through a resistance from a constant- 
potential source gives a fairly linear horizontal sweep for 
the interval of time involved, but a more elaborate and 
accurate one can be constructed in the same manner as 
the internal sweep. If this sweep is started at the time 
the load on the machine is changed, the triangular waves 
will be traced in sequence, one after another, by a mov- 
ing spot. By making a time exposure with a camera— 
keeping the shutter open until the sweep is completed— 
a complete set of waves is obtained, the tips of which 
form the locus of the hunting wave. The oscillogram 
reproduced in Figure 4 was taken using a sweep circuit 
consisting of a four-mi- 
crofarad capacitor and a 
one-megohm resistor in 
series with a 45-volt bat- 
tery. In obtaining this 
oscillogram, the switch 
used to load the synchro- 
nous motor also closed the 
sweep circuit, ensuring 
proper. co-ordination. 
One feature of these re- 
sults is that no timing 
wave of any kind need be 
obtained, for the start of any one triangular wave is '/¢9 
of a second behind the corresponding origin of the pre- 
ceding one, providing that the voltage to the circuit 
remains constant. ‘This supplies a convenient time axis. 

Because the operation of this apparatus involves time, 
the sequence in which different parts of the circuit func- 
tion is a prime consideration. For instance, if the pulse 
from the photoelectric cell is received after the charging 
current has ceased flowing, the voltage wave projected 
on the oscilloscope screen has a flat, horizontal top, be- 
cause there is a maximum voltage to which the capacitor 
can charge, depending on its capacitance, the charging 
current, and the applied potential. This flat portion 
may be eliminated by delaying the start of the charging 
by means of the phase shifter in the first gaseous tube. 


Figure 4. Reproduction of 

a typical power-angle oscil- 

logram taken on a four-pole 
synchronous motor 


change. To make a record of the hunting cycle, a very — Figure 5. Diagram of mirror (yaaa aigy 
slow, nonrepeating sweep must be used on the oscillo- attachment = 
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As 


cae ‘D 


Figure 6. Typical oscillograms taken by the method described 
in this article 


A, Double-current generator operating as synchronous converter (no 
amortisseur winding) 


B. Same as A except with different oscillographic sweep 


2 


Full load thrown on a synchronous motor 


D. Full load removed from a synchronous motor 


However, if the flat portion is nearly a half cycle in 
length, the terminals of the 110-volt lead from the supply 
to the equipment should be reversed, for this trouble 
means that the discharge tube is receiving its photoelec- 
tric-cell pulse 180 degrees too late. Correction by use of 
the phase shifter cannot always be applied. If charging 
is delayed too long, the maximum voltage obtainable, 
and consequently the deflection on the fluorescent screen, 
is considerably reduced, for the capacitor voltage be- 
comes equal to the applied potential at some point long 
after that potential has passed its maximum. If such 
is the case, all of the mirrors must be shifted an equal 
amount in the direction of rotation. One other trouble 
arises when the machine is reconnected after a period 
of idleness. If the d-c field is not connected with the 
same polarity it had during the previous test, the ma- 
chine will pull into step 180 electrical degrees from its 
original position. When this happens, the field should 
be reversed or the mirrors shifted a corresponding 
amount. 

The design of the mirror attachments is an important 
The type built for the apparatus described here 
The mirrors are mounted 


item. 
is diagrammed in Figure 5. 
on universal joints held in closed S frames equipped with 
friction clamps. All that is necessary to test synchronous 
machines of any number of poles is to have a supply of 
these mirrors available. ‘The only thing that needs indi- 
vidual fitting is the band itself which must be cut so as 
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to encircle the particular coupling on the rotor. Before 
attaching the band, as many mirrors must be slipped onto 
it as the machine has pairs of poles. They are placed 
approximately equidistant around its periphery, and each 
is held in place with a spot of solder. One mirror is 
chosen as reference (this mirror need not have a uni- 
versal joint). This reference mirror is placed in any 
convenient position; then the photoelectric cell is ar- 
ranged so as to catch the reflected beam of light from the 
lamp. ‘The position of the rotor should be observed and 
marked. Next, the rotor is revolved 360 electrical de- 
grees, so that the 360-degree mark coincides with the 
fixed reference. By adjusting the second mirror on its 
universal joint, it can be made to catch a beam focused 
on it by the lamp and reflect it into the photoelectric 
cell. It is then clamped with the adjusting screw. The 
process is repeated for each of the remaining mirrors. 
This system, therefore, does not require that the mirrors 
be spaced exactly right, but that the photoelectric cell 
receive a beam of light 360 electrical degrees after the 
preceding flash. With reasonable care and a sharp 
focus, this can be accomplished. If the flashes are not 
360 electrical degrees apart, triangular waves having 
equal altitudes will not be obtained even when the 
machine is not hunting, and the results will be useless. 

This circuit seems to be an improvement in several 
respects over other devices for determining power-angle 


oscillations. These may be summarized as follows: 


1. The method is applicable to synchronous motors having any 
number of poles, without additional equipment. 


2. The normal operating characteristics are not influenced to 
an appreciable extent by the apparatus. 


3. The end of the motor shaft need not be available. The only 
room necessary is enough to mount the mirrors on the shaft. 


4, This apparatus is equally suitable to measure constant power 
angles. 


3 Westinghouse photo 
Exciter end of a 15,000-kva synchronous condenser : 
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in sources of mica in the 


ITH war-caused shifts 
in world trade has 
come an increasing interest 


Western Hemisphere.  Ar- 
gentina, Brazil, Mexico, 
Canada, and the United 
States all have rich deposits of 
the mineral. These deposits 
are being surveyed with 
a view to increasing present 
production and commerce. 

India is by far the largest 
producer of mica. Out ofa total world production of 
sheet and splittings totaling approximately 9,016 short 
tons in 1938, India supplied 6,334, Madagascar 747, 
the United States 469, Canada 68, Argentina 258, and 
Brazil 575. 

In the other American Republics, production of mica 
for strategic uses has been almost entirely confined to 
sheet mica. Previously the mineral was exported 
chiefly to Germany, to India (for splitting) and, in small 
quantities, to the United States. In recent years, pro- 
duction has increased very considerably both in Brazil 
and in Argentina. Brazilian exports rose from 49 short 
tons in 1929 to 575 in 1938 and 1,229 tons in 1940. 
After the outbreak of war in Europe, there was an in- 
crease in exports to Japan, the United States, Great 
Britain, and India. Argentine exports rose from 58 
short tons in 1929 to 248 in 1938. 

Thus both Brazil and Argentina have been small but 
increasing producers of mica. As yet they supply only 
sheet mica. In the case of sheet mica, the quality of the 
deposits is the chief factor in determining where to 
produce; in the case of mica splittings (mica split into 
thin films, later to be joined together to make large 
sheets of mica), labor costs are the determining factor. 
Deposits of mica in Brazil, Argentina, Peru, and Mexico 
could be developed considerably for crude mica. Like- 
wise, production of amber mica in Canada can be ex- 
panded if prices rise. If the Western Hemisphere 
should become dependent upon its own resources, even 
with increasing prices and production there would, in all 
probability, be available a large part of mica require- 
ments. 

The problem of production in the Western Hemi- 
sphere is chiefly one of finding cheap and efficient labor 
to grade and split the crude material. Consumers of 
mica have become accustomed to the excellent grading 
developed in India from long years of experience. The 
expansion of sheet production in Brazil and Argentina 
has been hampered by the fact that standards of classi- 
fication have not been carefully followed. Consequently, 
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Mica, which heads the list of critical raw 
materials, is needed so urgently that quanti- 
ties are being flown to the United States from 
India. Action is being taken now toward 
developing domestic mica resources, chiefly 
in North Carolina, Georgia, New Hampshire, 
Connecticut, and South Dakota. In_ this 
article mica sources, especially those in the 
Western Hemisphere, are surveyed and the 
production problem is found to be based on 
the dearth of skilled, low-cost labor. 


_More Mica From the Western Hemisphere 


purchasers in this country 
have preferred to pay higher 
prices for Indian sheet mica, 
because they can rely upon 
deliveries to be exactly as 
specified. Thus, if sales of 
sheet are to be improved in 
Brazil, it is essential that a 
careful system of grading be 
established. 

Various plans have been 
suggested for introducing the 
mica-splitting industry into 
the Western Hemisphere. Canada already produces a 
small quantity of splittings and could produce more if 
prices rose. Small quantities of splittings have been 
made also in the United States, and in Mexico. Puerto 
Rico has been suggested as a possible center for mica 
splittings on account of its abundant supply of cheap 
labor. Mexico also might increase its splitting industry. 
Even in these two areas, however, prevailing wages are 
very much higher than those in India. 


HISTORY 


Since the time when the first mine was dug in New 
Hampshire in 1803 to obtain mica for stove windows and 
lantern chimneys, the uses of mica have become much 
more varied. With advances in the field of electricity, 
mica has become an essential material in the manu- 
facture of electric machinery and appliances. The in- 
vention of built-up mica in 1892 made possible many of 
the modern uses for the mineral. Built-up mica is made 
up of a number of thin films of mica held together by 
some insulating cement, usually shellac. Such sheets 
can be made in any size, and then cut down for specific 
uses. Through the development of built-up mica, it was 
possible to adopt standard designs for generators and 
motors. It was also possible to use many small pieces 
of mica to build up a sheet of much larger size than could 
be found frequently in natural mica formations. 

The property which makes mica indispensable in elec- 
trical work is that it can be divided into thin, flexible, 
transparent films, which are unaffected by fire, water, 
electricity, or acid, and whose volume remains constant 
in extreme heat and cold. These characteristics are 
found in no other substance, and no synthetic substitute 
having similar qualities has been discovered so far. 


MINING 


The best quality mica is found in regions which have 
been relatively free of earthquake and volcanic dis- 


This is an excerpt from an article, “Strategic Mica,” published in the March 14, 
1942, issue of Foreign Commerce Weekly. 
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turbances. The most important among these are the 
Indian Peninsula, Central and South Africa, and the 
eastern parts of the Western Hemisphere. Geologically, 
mica occurs in two forms, namely muscovite or white 
potash mica, and phlogopite, or amber magnesia mica. 
Mica found in India, the United States, and Brazil is of 
the muscovite variety, while that mined in Madagascar, 
Mexico, and Canada is phlogopite. 


Mining of mica is made difficult by the fact that mica 
does not occur in any specific part of the pegmatite 
dike, the rock formation in which it may be found. 
The dike itself is usually less than 300 feet in length, 
comparatively narrow, but of variable depth. Diamond 
drilling which explores only a small area is not. practical, 
because it might miss the mica entirely. In addition, 
even when mica is found, it may prove to be of inferior 
quality and suitable only for grinding. Mica mining is 
usually carried on with little equipment, since it is im- 
possible to determine how extensive a deposit may be 
in any given area. Furthermore, even when large de- 
posits are found, the return is comparatively small. 


Accordingly, mica mining in the United States is 
usually conducted on the principle that the work must 
pay for itself as it proceeds, and substantial capital ex- 
penditure is rarely made. 
which have been deserted when a streak of mica has 
disappeared, have been reopened later by more hopeful 
prospectors, or on account of a rise in the price of the 
product. This is true of mines in India and Canada as 
well as in the United States. 


In many cases, mica mines 


Many of the chief problems of mica production, par- 
ticularly in the production of strategic types of mica, are 
concerned with preparation and sorting. When the 
chief use of mica was for stove windows, large sheets only 
were usable. Today there are uses for many smaller 
sizes. In addition, the development of micanite has in- 
creased considerably the utility of small blocks of mica. 


Only a very small percentage of the total available 
mica is suitable for block mica or mica splittings. A\l- 
though the percentage varies in different localities, usu- 
ally 70 to 85 per cent of the output of a mine is saleable 
only as scrap. A further percentage is suitable for 
punch mica, and about 10 per cent for sheet mica. Of 
the knife-trimmed sheet, 50 to 70 per cent will be the 
smallest acceptable size, 11/2 by 2 inches, rarely more 
than 10 to 13 per cent will be as large as 3 by 4 inches; 
and it is always possible that a large part of these sheets 
will be stained, and thus unsuitable for all uses. 


CLASSIFICATION 


In appraising the mica deposits, the most important 
fact is that the substance is found in a variety of different 
sizes and states of purity, each of which is of a different 
degree of utility. For many strategic uses, mica must 
be of certain minimum dimensions, and must also be 
without stains, which are an indication of the presence 
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of another material, such as iron, not having the same 
physical characteristics as mica. 

For commercial purposes, mica is classified in four 
categories according to size. Scrap or waste mica is sO 
irregular in size or formation that it can be used only 
for grinding. Punch mica is sheet mica, usually less 
than 1!/, by 2 inches in size. Splittings are sheet mica 
usually less than three quarters of a square inch in area, 
and 0.001 to 0.0012 inch in thickness. Splittings mainly 
come from material too small for use as sheet or block 
mica, which is the next category, usually ranging in size 
from 11/, by 2 inches to 8 by 10 inches in area, and not 
less than 0.01 inch in thickness. In the United States, 
mica sheets are classified according to the size of the 
largest standard rectangle that can be cut from the sheet. 

From the standpoint of strategic importance, only 
mica sheets or blocks and splittings are regarded as of 
value, and thus, in considering mica production in 
relation to war production, the only figures of value are 
those which distinguish the output of the different types 
of mica. Not only is mica graded by size, but also by 
quality, distinction being drawn between clear, slightly 
stained or spotted, and heavily stained or spotted mica. 


Scrap Mica. Waste and scrap mica, which are used 
for roofing paper, are of value only in the United States, 
because only there has the process of grinding become 
adequately developed. A considerable amount of waste 
is imported for grinding, and some of the ground product 
is exported. 


Block or Sheet Mica. In production of block mica, the 
preparation and grading are of the greatest importance. 
Because of the presence of highly trained labor and low 
wage rates, India has become the chief source both for 
block mica and for mica splittings. "To prepare mica as 
sheet material, the rough pieces are split into thicknesses 
from 0.01 to 0.10 of an inch thick, and are then trimmed 
of imperfections. ‘The sheets are then graded according 
to the largest rectangle of specific dimensions which can 
be cut from them. Sheets thus graded as to size are 
sorted then according to quality. Men who do this 
work are highly paid, as they can often eliminate im- 
perfections by resplitting a sheet, thus considerably im- 
proving the quality and value of the mica. 


Splittings. ‘The most important form in which mica is 
used is as mica splittings. As stated above, India is by 
far the most important source of splittings, because of 
favorable labor conditions. There, many small “books” 
(the term for mica crystals, somewhat like books in 
shape) which in other areas would be discarded, are 
used for making splittings. Many such “books” have 
been recovered in India from waste dumps which ac- 
cumulated through the centuries before the discovery 
of the manufacture of micanite, when the demand was 
exclusively for large sheets of mica. Mica may be split 
to a thickness of one one-thousandth of an inch. The 
work is done largely in homes by women and children 
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v orking at very low wages—from 9 to 12 cents a day. 
Amber mica, like white mica, is split by hand. For 
many years Canada produced a considerable quantity 
of amber mica splittings, but when the amber mica 


deposits of Madagascar were developed, the cheap labor 


available there enabled producers to market amber mica 
at prices with which Canadian producers were unable 
to compete. 

A number of attempts have been made to produce a 
satisfactory machine for splitting mica. One for split- 
ting amber mica was relatively successful, and was used 
commercially, but was finally abandoned because of its 


limitations in producing splittings of required thickness. 
Many mica experts are of the opinion that there never 
will be a really satisfactory machine for splitting mica, 
particularly for muscovite, the splitting of which is more 
difficult than that of the amber variety. 

Fortunately, large supplies of mica are found in the 
Western Hemisphere. The United States and Canada 
have for some years been sources for mica. The crucial 
problem in production, should the hemisphere be sepa- 
rated from Indian sources, lies not so much in lack of the 
raw material as in the lack of trained, cheap labor to 
grade and split the material. 
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URING the past several years, there has been a 
major change in the handling of switchgear prob- 
lems—the strong tendency toward completely factory- 
assembled and tested equipment. American switchgear 
was slow to adopt this type, which got its start in Great 
Britain. The present American practice, however, justi- 
fies itself by providing at a reasonable cost the adequate 
interrupting capacity, ease 
of inspection and mainte- 
nance, and freedom from 
trouble which are essential 
to our use. 

Since metal-clad assem- 
blies in America have been 
more recently developed 
than in England, they have 
incorporated improvements 
in circuit- breaker design 
which have resulted in sim- 
plification of the complete 
equipments without loss of safety. It has not been neces- 
sary to the same extent to provide for defective switch 


those regions. 


operation. 

Because there have been in the past ten years major 
differences between our circuit-breaker construction and 
those of continental Europe, the subject has had a great 
deal of discussion. At times we have seemed backward 
in adopting new forms of interrupter having a minimum 
of oil or no oil at all, which our European cousins have 
told us were adequate for their service. However, there 
are differences between our situation and that in Europe. 
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America and Europe are developing different 
types of switchgear equipment, conditioned 
by the type of facilities available in certain 
regions and the particular requirements in 
Present trends in switchgear 
apparatus are guided to a considerable ex- 
tent by the abundance or scarcity of the ma- 
terial resources involved in construction and 
operation of the equipment. 
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1. Our rupturing capacities both at high and low voltage are 
greater than those generally used in Europe. 


2. Reclosing duty cycles have been standard with us for 15 years 
and have needed more adequate interrupting devices with better 
assurances of trouble-proof operation and reduced maintenance. 


We have sold in the past few years power-station circuit 
breakers for 2,500,000-kva capacity at 13 kv. The same 
capacity is frequently sold 
at 132 kv and 230 kv, and 
there have been discussions 
of 3,500,000 kva at the higher 
voltages. Rugged mechani- 
cal devices typical of Ameri- 
can switchgear are necessary 
for these extreme require- 
ments. Nevertheless, for ap- 
proximately 15 years in 
America there has been a 
continuous search on the 
part of several manufac- 
turers for new interrupting ideas that might be incorpo- 
rated in switchgear when these should appear feasible. 
The Westinghouse company developed the “De-ion” 
breaker experimentally for voltages up to 15 kv in the 
years 1925 to1927. It was tested on the Commonwealth 
Edison System in Chicago to over 500,000 kva at 12 kv 
in 1928, and a large number were installed on the same 


system in 1930-31. Later experimental developments 


Essential substance of an address before the AIEE Toronto Section, March 13, 
1942. 

J. B. MacNeill is manager of engineering, switchgear division, Westinghouse Elec- 
tric and Manufacturing Company, East Pittsburgh, Pa. 
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Figure 1 (left). 
Single-pole 138-kv 
1,500,000-kva ver- 
tical-flow oil-poor 
circuit breaker 


Figure 2 (right). 

Schematic diagram 

of the single-pole 
breaker 


A—Opening accelera- 
ing springs 
B—Power terminal 
C—Oil level 
D—Interrupters 
E—Insulating — sup- 
porting tube 
F—Oil disconnect gap 
between terminals— 
breaker open 
G—Disconnect mem- 


ber 
H—Pole-unit mecha- POWER 
; TERMINAL 
nism 


I—Insulating operat- 
ing rod for both open- 
ing and closing 
J—Insulating tube 
surrounding operating 
rod 
K—Insulating — sup- 
porting tube 
L—Oil-insulated cur- 
rent transformer 


M—Torsion shaft 


have covered vacuum breakers, boric-acid breakers, oil- 
poor breakers and compressed-air breakers. 

To get a better view of American switchgear require- 
ments, the field is divided into three classes: 


1. Power-station auxiliary and small substation work 15 kv and 
below, 250,000-kva interrupting capacity and below (generally 
indoor). 


2. Power-station and large substation main switchgear 23,000 
volts and below, interrupting capacities up to 2,500,000 kva. 


3. Outdoor high-voltage requirements 23 ky to 287 kv rupturing 
capacities up to 2,500,000 kva. 


A proper understanding of the present situation and 
the changes that have taken place will be reached if we 
consider each class by itself. These class lines, of course, 
cannot be considered definite, because the classes mix 
to some extent, but for our purpose they are adequate. 


POWER-STATION AUXILIARY AND SMALL 
SUBSTATION EQUIPMENT 


Present American Practice. While in the early days of 
electrical engineering various air-type devices were used 


in the field of power-station auxiliary and small sub- 
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station equipment, oil circuit breakers have since super- 
seded them for a-c work. Numerous oil breaker designs 
both oiltight and nonoiltight are available in common 
tank and multiple single-tank constructions. The maxi- 
mum savings in space and cost are generally found by the 
use of common tank devices. While the single-pole form 
was preferred years ago because of phase isolation, the 
improvements in design have made the more compact 
structure quite possible up to 250,000 and even 500,000 
kva. The recognition of this type for high-power work 
resulted from the Detroit tests of 1924 in which the main 
4,800-volt bus of the Delray station was short-circuited 
through a three-pole breaker having a 20-inch tank. 
With this type it was possible to modernize many out- 
grown equipments within existing space and with free- 
dom from physical demonstration and oil throwing. 
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European Developments. n Europe, particularly Ger- 
many and France, several devices have been developed in 
an attempt to supplant the oil breaker. Of course carbon 
breakers and contactors fill the 600-volt field most fre- 
quently there as in America. However, above 600 volts 
compressed air, self-generated air blasts, chemical resins, 
_ and magnetic types are being used. 


Recent American Developments. In the United States, 
practically all commercial developments of the De-ion 
type of gear have been for self-contained units incorporat- 
ing magnetic blowout effects in one form or another. 
One large manufacturer features Magne-Blast in which 
a powerful magnetic field drives an arc between con- 
verging barriers so that the power factor of the arc is 
increased before rupture. A second manufacturer sells 
a magnetic type up to 5,000 volts featuring double blow- 
out coils inserted by the arc action as it moves off the 
main contacts, and these coils lengthen and cool the arc 
until it becomes unstable. The ‘De-ion” breaker de- 
velopment is available throughout this class but has a 
current-interrupting limitation which prevents its use 
in the largest capacities. A modified form of ‘“De-ion” 
breaker called “DH,” at 2,500 and 5,000 volts, provides 
interrupting with a short total arc length and covers the 
field up to 250,000 kva at five kilovolts, with prospects 
of going higher. 


POWER-STATION AND LARGE SUBSTATION MAIN 
SWITCHGEAR 


Present American Practice. Since approximately 1895 


the oil circuit breaker has practically without exception 
handled power-station and large substation switchgear 
in America. 


The rupturing capacity requirements are 


Figure 3. Sche- 
matic diagram of 
the upper unit of 
the vertical-flow 
interrupting ele- 
ment of the single- 
} | pole breaker 


N—Vent 
O—Stationary arcing 


contact 
P—Stationary main 


contact 


Q—Stationary corru- 
gated wall 
R—Moving corru~ 
gated follower 

S—Are 
T—Moving contact 
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Figure 4. Oscillogram showing closing-opening operation of 
the 138-kv vertical-flow breaker on a 220-kv system tested 
line to ground 


VOLTAGE 


Current interrupted 5,900 amperes; three-phase power equivalent to 
2,200,000 kva 


great, 1,500,000 kva being a frequent requirement and 
2,500,000 kva occasionally called for. The dead-tank 
circuit breaker is made by all manufacturers and the 
live tank form by one. In the early years of the develop- 
ment concrete and brick cell work was generally used to 
limit the effects of distress operations on the breakers. 
More recently, however, the integrity of the breaker itself 
has improved so that it has been possible to confine oil 
and gas to the interior of the structure with proper venting 
arrangements for hydrogen fumes and with complete 
absence of flame external to the breaker. Tests in high- 
power laboratories and further tests on large operating 
systems have made this development possible. 

Reclosing service in this class is not generally used. 
The main problem is to withstand the heavy short-cir- 
cuit stresses and rupture the short circuit satisfactorily 
a minimum number of times. Obviously frequent fault 
operation on heavy station switches would not represent 
a practical continuity of service and would need to be 
corrected without delay. However, it has been found 
that a switch which will adequately handle a short cir- 
cuit once will continue to do so any reasonable number of 
times. This is true, because the contact and oil deprecia- 
tion with modern interrupters is reduced to negligible 
amounts and the serviceability of the switch thereby in- 
creased. 


European Practice. About 12 years ago the European 
countries faced a problem similar to ours—of greatly 
increasing the ability of their switchgear along existing 
lines or departing radically from the older forms. Eng- 
land has kept the dead-tank form, because it readily 
adapted itself to metal-clad gear. On the other hand, 
Germany and France, because of shortage of oil and 
other materials, and because their development of 
standard breakers had lagged somewhat, decided on new 
forms. One of these is the expansion breaker sold for 
800,000 kva and below at generator voltages with water 


as a dielectric. Another form is the compressed air 
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breaker, sold for 800,000 kva at generator voltages. 
Both these forms were developed originally in Germany 
and have spread to a considerable extent to other con- 
tinental countries. Each of them, however, has reached 
approximately the same limitation on kilovolt-amperes 
as the ‘‘De-ion”’ breaker has in this country for generator 
service, about 800,000 kva, and this has prevented serious 
consideration of the European types with us until recently. 


Recent American Development. In the past two or three 
years there has been added pressure of American manu- 
facturers to provide oilless breakers for station service. 
American manufacturers are prepared to furnish to a 
greater or lesser degree compressed-air breakers for this 
service. These have actually been contracted for in 
sizes 250,000 kva up to 2,500,000 kva for 15 kv and below. 
This is a new type, and its general construction may be of 
interest: 


1. The grounded metal parts including air tanks, control valves, 
operating piston, and auxiliaries are all mounted in a subchamber. 
Inspection and maintenance can be taken care of through the 
lower doors without entering the high-voltage chamber. 


2. Air is taken from the tank in a straight line through the con- 
necting pipe to the arcing chamber and thence through the 
mufHers to the exhaust spaces in the top of the cubicle. ‘There are 
no changes of direction in the air, and the loss of air efficiency is 
eliminated. 

3. The contact structure and operating piston are permanently 
tied together at all times, both closing and opening being secured 
by reversal of the main piston, but without the necessity of latches 
and accelerating springs. 

4. The full automatic trip-free function is obtained by quick re- 
versal of the air in the operating cylinder and by immediate open- 
ing of the dump valve on the closing side. In this way high-speed 
opening and closing are both obtained with a minimum number of 
parts, and the mechanism is always in a position to respond to air 
pressure. 

5. Liberal muffler structures are provided on top of the arc chute 
to eliminate flame and reduce noise. 


6. Since the blast valve is mechanically operated from the 
mechanism, it need not be opened when the breaker is closing, and 
there is thus a saving of compressed air. Also, the mechanical 
operation of these valves insures both positive action and that the 
opening is of a minimum duration. Experience with magnetically 
operated valves for this purpose shows that they are uncertain in 
timing and use unnecessary air. 


The compressed-air system for use with such breakers 
is reasonably simple, consisting of a two-stage slow-speed 
compressor unit mounted on a small tank with a larger 
storage tank alongside. Cooling coils prevent moisture 
getting into the ultimate breaker supply, shutoff valves 
prevent loss of air in the individual breaker tanks in 
case of supply failure. In important stations several of 
these compressed-air units will be used, each unit supply- 
ing a group of breakers, but the several air systems tied 
together to afford reserves on each other. At the present 
time it looks as though water breakers, boric-acid 
breakers, vacuum breakers, and other experimental sub- 
stitutes for oil breakers would not be commercialized on 
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a large scale in America. The compressed-air form seems 
a more logical companion to the small dry breakers 
previously discussed. 


OUTDOOR HIGH-VOLTAGE EQUIPMENTS 


Present American Practice. Actual operating voltages in 
America outdoors cover the range 2,300 up to 287,000 
volts, and the old rule of 1,000 volts per mile for trans- 
mission length still represents good economy. ‘The out- 
door-switchgear field is a very large and important one. 
It is here that the volumes of oil are greatest because of 
the insulation spacings required in the apparatus, and 
therefore one looks naturally for attempts to eliminate the 
oil circuit breaker. It is a fact, however, that the 
standard dead-tank oil circuit breaker is well thought of 
in this country and has been highly developed through 
co-operative field tests and factory development tests, 
so that it is a highly reliable unit capable of heavy inter- 
ruptions, high-speed operation, reclosing service, and 
freedom from trouble during all weather conditions with- 
out the necessity of auxiliary devices to disconnect it 
from the circuit after interruption. Many of the devices 
suggested for substitution do not possess all the operating 
advantages of the standard oil breaker, and this country 
is loathe to adopt schemes which sacrifice system opera- 
tion even to a slight degree. 

However, the amount of business in the outdoor high- 
voltage field is so large that manufacturers naturally have 
investigated any probable substitutes for their present 
equipment. 

An interesting auxiliary development in connection 


~with large outdoor breakers is the use of compressed air 


for operation. It has been found practical with such a 
unit to secure faster synchronizing and reclosing time 
than with magnets or motors on very large sizes. The 
individual compressor and storage tank at each breaker 
does away with piping problems from central storage 
systems. 


European Practice. Again because of scarcity of oil for 
electrical purposes, government regulations on its use, 
and the cost of metals as compared to porcelains, con- 
tinental Europe has taken the lead in oil-poor and oilless 
devices for high-voltage service. England again has 
retained the practice of dead-tank circuit breakers 
generally. Automatic reclosing is not generally neces- 
sary on the continent. because of the use of ungrounded 
systems with Petersen coils. The principal requirement 
of an expansion-type oil-poor circuit breaker is ability 
to interrupt line-to-line short circuits infrequently. 
Line-to-ground short circuits do not generally call for 
switch operation. 

Another form generally used in Europe is the com- 
pressed-air breaker. It is a form arrived at after several 
years experimentation to eliminate moisture and creep- 
age troubles in the outdoor application of compressed 
air. It has been in operation as a type from four to five 
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years, but it can hardly be said that there is sufficient 
background of operation experience to state that it is 
trouble-free. 

Recent American Development. At the present time there 
is an honest difference of opinion among engineers as to 
the ; ultimate development for high-voltage outdoor 
equipment, assuming that a change from the present 
dead-tank breaker takes place. Two types are favored, 
the oil-poor and the compressed-air. 

An appreciation of the value of oil as an insulating 
medium has led some American manufacturers to favor 
an oil-poor device. 

Another form is the Westinghouse vertical flow which, 
while not in commercial use in America, has been 
largely produced in Italy and to a less extent in other 
European countries. It was developed here and was 
tested on a 220-kv system in the West up to 2,250,000 
kva. It has decided advantage for American use, in- 
cluding high-speed reclosure, no external disconnecting 
_ devices, high-speed circuit rupture, minimum floor 
space and oil content. The general satisfaction with 
standard dead-tank oil breakers has resulted in with- 
holding of manufacture of this type with us. 

Compressed air for high-voltage outdoor use is engag- 
ing the attention of several manufacturers. A few instal- 
lations are being made. Compressed air has certain 
natural advantages for this use, including high-speed 
interruption, high-speed reclosing and the prompt open- 
ing of charging currents and magnetizing currents. Its 
problems are those of insulation and isolation. 

One type of compressed-air outdoor breaker is being 
produced by the Westinghouse company for field trial 
installations. With this type it is possible to handle 
138 kv in a single interrupter which has been tested 
up to 2,500,000 kva on a three-pole basis. This inter- 
rupter is a composite design using certain features of 
the longitudinal blast and transverse blast which we 
feel accounts for its great interrupting capacity. An 
interesting part of this development is associated with a 
cold room in which temperatures down to minus 20 
degrees Fahrenheit can be secured for proving the operat- 
ing mechanism and disconnect features under winter 
conditions. Arcing times are uniformly within one cycle, 
and arc energy is remarkably low. 

Trial installations of 230 kv in this type of compressed 
air are under consideration. For interrupters it uses two 
in series, each essentially the same as the 138-kv inter- 
rupter referred to above. While five cycles will probably 
be the industry standard operating time, there will be a 
demand for three cycles, and compressed air seems to 
provide for this demand with a minimum of difficulty. 
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HIGH-POWER LABORATORY 


Mention has been made several times of very high 
values of power for test purposes. These tests have been 
made possible through the increased laboratory at East 
Pittsburgh wherein are arranged two machines for 
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parallel operation, each giving approximately 1,000,000- 
kva symmetrical first-cycle three-phase short circuit. 
The output then at bus voltage of this laboratory is 
2,000,000 kva symmetrical with correspondingly greater 
amounts of asymmetrical currents. Transformers are 
provided up to 345,000 volts three-phase and 390,000 
volts single-phase. The whole equipment is described 
in an AIEE paper and provides the largest concentra- 
tion of laboratory test power available. The use of this 
equipment is of the greatest value in determining design 
features and demonstrating complete apparatus. Over 
100,000 tests have been made since the original machines 
were first installed. . 


REFERENCE 


1. High-Capacity Circuit-Breaker Testing Station, J. B. MacNeill, W. B. Batten, 
AIEE Transactions, volume 61, 1942, February section, pages 49-53. 


Induction Heating Saves Tin 


The present tin shortage has accelerated the develop- 
ment by the Westinghouse Electric and Manufacturing 
Company, East Pittsburgh, Pa., of a processing line for 
the electrolytic deposition of tin on steel; high-frequency 
induction heating speeds the output of tinplate and 
produces a smooth, shiny, corrosion-resisting finish by 
causing the coating of tin to reflow. One of the chief 
advantages claimed for the process is that it uses only 
one-third as much tin as the method of dipping steel 
sheets into tanks of molten tin. 

After passing through the plating tanks, the tinned steel 
sheet goes into the inductor heater coil where it is heated 
to the fusion point of the tin. As the sheet moves through 
the coil, the minute peaks of tin are melted into an even 
finish. The melting action stops when the strip moves 
out of the coil and water cools the metal. High-power 
vacuum tubes supply high-frequency (200,000 cycles) 
energy to the inductor. 

Several advantages are claimed for the induction heat- 
ing method of finishing tinplate over the gas-furnace 
method. First, it avoids cumbersone furnaces, which 
must be considerably longer than the induction heating 
coil, and in addition it necessitates no supporting rolls 
and thus eliminates the possibility of marring the sur- 
face. Further, when the end of the coil of the steel strip 
approaches the inductor heating coil the operation 
must be slowed to weld on another strip. The heat 
generated can be adjusted to compensate for the loss 
of speed, while in a furnace this cannot be done. An 
additional advantage of the induction heating method is 
that its high-frequency unit can be put directly into the 
electrolytic tinning line and can operate as fast as the 
strip can be plated. 
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LOOK back over half a century to refresh my 

memory of what being an American has meant to 
me progressively through all these years. Born in 
Armenia, I derived my earliest conception of America 
from story tellers, and it was about as fantastic as Alice’s 
Wonderland. At the age of 21, while teaching arith- 
metic in a school, the thought occurred to me one winter 
morning that I should go to this romantic country. 
Within a few hours I was on the way. What? Such 
haste? Doesn’t one wait to the end of the school year? 
Of course not; that is, not if one has indulged in a little 
free speech the night before in a public lecture at which 
unexpectedly some Turks were present, and this morning 
one has been notified to go to the government palace 
and hand the manuscript of his talk to the pasha. To 
the Armenians, a phantom inscription on the palace 
door said: ‘“‘Enter. Noexit.”’ In the Turkish Empire, 
only the Turks took their time; others hustled. 

While the issue of freedom of speech—one of the four 
freedoms of the Atlantic Charter—was the immediate 
occasion for my taking the first formal step toward be- 
coming an American, the other three freedoms also were 
inseparably involved in it. Freedom of worship, free- 
dom from periodic wholesale looting, and freedom from 
periodic massacres. I need not repeat here once more 
the story of the 600 years of oppression of the Armenians 
in Turkey, a history which has ended largely because of 
the extinction of the Armenians as a community in the 
Turkish Empire. 


This article is the text of an address delivered before the Daughters of the American 
Revolution of Pittsfield, Mass., and broadcasted through radio station WBRK on 
an “I Am an American” program on May 17, 1942. 


Aram Boyajian is an electrical engineer, General Electric Company, Pittsfield, Mass. 
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I Am an American 


ARAM BOYAJIAN 


FELLOW AIEE 


As if to impress on me with the greatest possible con- 
trast, the differences between life in the Turkish Empire 
and life in America, destiny guided my steps to Swarth- 
more, a small peaceful Quaker college town in the sub- 
urbs of Philadelphia, Pa. 
and studied, studied human nature along with electrical 
engineering. What a contrast there was between the 
Turkish conception of life and the Quaker! As I was 
learning what is approved engineering practice, I was 
learning also what is approved American practice. 
Every year, even after I was naturalized, I was learning 
still more reasons, besides the four freedoms, why I 
would want to be nothing but an American. 

During my first week in Philadelphia, the public parks 
and parkways, museums, various other city improve- 
ments, and public services astounded me. ‘The mayor’s 
slogan was ‘‘The City Beautiful.” I asked an old timer 
how heavy were the taxes. ‘‘No personal tax,” he said, 
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There I worked at tailoring — 


“only real estate is taxed; so you pay tax indirectly in — 


your rent.” And rents were really reasonable. The 
Federal Government did not even tax real estate; it 
paid its expenses mostly from duty on imports. Honest 
government explained it all. Of course, I heard about 
a “corrupt”? Vare machine in Philadelphia, but when my 
class visited a pumping station built by him, we found 
it a fine job, and Vare was proud enough of it to engrave 
his name prominently over the entrance. Evidently, 
contract corruption in the United States did not mean 
what it would have meant in the old country. 

At a men’s class, my first or second Sunday in America, 
a former secretary of the Commonwealth of Pennsylvania 
spoke eloquently on how Americans are being robbed 
by intrenched privilege. ‘“‘Every time you buy a pound 
of sugar,” he said, ‘“‘the hand of privilege slips into your 
pocket and robs you.” He repeated this form many 
times, changing each time the name of the article. I 
asked the man next to me how much a pound of sugar 
costs. ‘‘Five cents,’ he said. I lost all interest in the 
talk; the speaker was painting America black evidently 
as propaganda for lower tariff. 

I was surprised at the appreciativeness of the average 
American. If you did a good job for him, he admired 
itloudly. Strange! In the old country, no matter how 
fine a job it was, we said to the cobbler, “Do you think 
those heels will stay on? The soles look like cardboard 
to me.” The theory was that if you admitted it to be a 
fine job, he would charge more, as there was no standard 
price on anything. This situation also led to every 
business transaction’s becoming a haggling contest. 
People forgot that its original purpose was to save 
money and indulged in it to prove their superior wits. 
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, his may have sharpened their wits somewhat, but it 
developed argumentativeness and faultfinding in 
‘ erybody, and made human relations more difficult. 
J n America people had discovered a better way of 
spending their time than haggling or arguing or fault- 
finding. I saw in the American experience that the art 
of appreciation, properly practiced, niade not only for 
better relations all around, but also did actually save 
money. The workman, elated, was actually more 
amenable to a lower level of compensation. In politics 
there was of course faultfinding of a kind people called 
mud-slinging; but while here the worst thing that a 
respectable politician would call his opponent would be 
“an agent of big business,” over there he might call him 
_a robber of church silver. 

I discovered that generosity was another character- 
istic of standard American practice. The grocer made 
sure that the scales tipped clearly in your favor; the 
satisfied customer would tell him sometimes not to 
bother about the change; the tailor did more repairs on 
your clothes than was included in the agreement; em- 
_ ployers gave raises to their men without any demand 
from them; the department store took back the fur 
f 
. 
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coat without asking if it had been worn to a wedding; 
and all drives for charitable purposes went over the top. 
It was a fantastic generous world and it ran so smoothly. 

I discovered that good sportsmanship was another 
characteristic of good American practice. No particu- 
lar word for it existed in the Near-East languages. 

That the American is law-abiding was another reve- 
lation to me. While in the old country the law was 
made by an overlord for the purpose of hamstringing 
you, and you had no liking for it; here it was made by 
your own representatives to help make your pursuit of 
happiness run more smoothly, and you naturally con- 
formed to it. 

The co-operativeness of the American was a particular 
surprise to me. Competitors in America co-operated 
with each other better than partners did in the old 
country; and I was amazed that laws were passed here 
against too much co-operation. I believe America is 
the only country where businessmen are prosecuted for 
too friendly competition. Recent un-American labor 
troubles were of European origin and conception. I 
count on Ameri¢a’s genius at co-operation to work out 
complete labor-capital co-operation in a few years. 

Finally, I learned more about the missionary spirit in 
the American make-up and destiny. All of the Ameri- 
cans I had seen in the old country were missionaries. [| 
had studied in their schools. So my earliest notion of 
an American was that of a missionary. Years have 
confirmed and put deeper meaning into this notion. 

When I was naturalized a quarter of a century ago, I 
wrote home with youthful enthusiasm: “Now, Mother, 
I am an American, full-fledged and complete—as good 
as the missionaries, even as Doctor Dodd.” 

The answer came back in due time, ““My son, your 
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father and I are very happy that you are no more a 
Turkish subject, but a free American citizen. But to be 
a complete American must take time. You can’t be as 
complete an American as the missionaries, as Doctor 
Dodd, until you are able to render to the world the kind 
of service that they are rendering. Don’t worry about 
taking us there; you put your effort toward learning a 
profession and take your place among other Americans, 
and we will be happy no matter where we are.” 

You see, the only Americans she ever knew were 
missionaries; and to her, as to everybody else in her 
section of the world, Doctor Dodd was the angel of the 
Lord dispensing far and wide the blessings of American 
medicine and surgery. She had the notion that all 
Americans are missionaries, in one sense or another, sent 
by God to this unfortunate world. 

That was the last I heard from her, and the time was 
the first World War. With my father and millions of 
other Armenians she was deported into the desert of 
Der El Zor as a menace to the safety of the Ottoman 
State; and her group, I learned later on, was crowded 
into a large enclosure, sprinkled with oil, and set on fire. 

Well, she had gone and left me with a big order—to 
try to become an American like her model, Doctor Dodd 
of blessed memory. I spent many uneventful years after 
that, doing the unromantic daily tasks of my profession 
with the General Electric Company, until a few years 
ago a little incident happened that eased my mental 
burden a bit. My wife and I were looking for the 
cottage of a friend at Onota Lake, Mass., and seeing a 
lady, we approached her for information. She was el- 
derly, with all-white hair, gracious in manner, and dis- 
tinguished in appearance. 

She gave us the information, and then she said, “‘You 
are Mr. Boyajian, aren’t you?” I said, “Yes,” a bit 
surprised. ‘‘I know you,” she said, ‘“‘from the first re- 
ception the Daughters of the American Revolution gave 
to new citizens. My name is Mrs. Irving Gamwell, 
regent of the DAR. I have watched you ever since, 
and you have been a good American.” 

A second World War has broken upon us now, and the 
meaning of being an American is being discussed widely 
and clarified more and more. It is penetrating now 
even into the heads of some of the isolationists that what 
the Bible says about individuals is true also about na- 
tions. A nation cannot live for itself alone or die for 
itself alone; the nation which tries to save itself alone is 
likely to perish, but one that is willing to risk itself for the 
larger good will survive. America is realizing its 
mission as a participant in the present struggle. 

Were General MacArthur’s Biblical allusions to our 
soldiers at Bataan overgenerous? Ask the Australians, 
the Dutch, the Filipinos, the Chinese. They'll say, “A 
thousand times, no.” To those people, as to all other 
oppressed or threatened peoples of the world, an Ameri- 
can now means a fighting missionary for the four free- 
doms of the Atlantic Charter. 
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Aid to War Effort to Be Theme of 
National Technical Meeting 


Maximum aid to the war effort will be 
the principal theme for most sessions and 
conferences to be held during the AIEE 
national technical meeting in New York, 
N. Y., January 25-29, 1943, with head- 
quarters in the Engineering Societies’ 
Building. The Institute of Radio Engi- 
neers has been invited to hold their meeting 
concurrently. Thursday, January 28, will 
be devoted primarily to IRE sessions, which 
will be open to AIEE members, in both 
morning and afternoon. IRE members 
also are cordially invited to attend any of 
the AIEE sessions. The day’s activities 
will culminate in a joint AIEE-IRE even- 
ing meeting. 

Arrangements are being made for a 
general-session program which will present 
the important subject of technical man- 
power requirements as an aid to the war 
effort. Prominent speakers will present 
both the military and industrial phases of 
this subject. 


MEDAL PRESENTATIONS 


It is expected that the Edison Medal will 
be awarded in December and it will be 
presented Wednesday evening, January 
27, 1943, together with the John Fritz and 
Hoover Medals in the engineering audi- 
torium. 

The John Fritz Medal was awarded to 
Doctor Willis R. Whitney (A’01) (EE, 
November ’42, p. 574, 582) ‘for distinguished 
research, both as an individual investigator 
and as an outstanding and inspiring ad- 
ministrator of pioneering enterprise, co- 
ordinating pure science with the service of 
society through industry.” 

The Hoover Medal was awarded to 
Gerard Swope (F’22) (EE, November °42, 
pb. 874-5, 582) with the following citation: 
“engineer and distinguished leader of in- 
dustry, ever deeply interested in the welfare 
of his fellowmen, whose constructive public 
service in the field of social, civic, and 


Future AIEE Meetings 


National Technical Meeting 
New York, N. Y., January 25-29, 1943 


District Technical Meeting 
Pittsfield, Mass., April 8-9, 1943 


District Technical Meeting 
Kansas City, Mo., April 28-30, 1943 


National Technical Meeting 
Cleveland, Ohio, June 21-25, 1943 
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humanitarian effort has earned for him the 
Hoover Medal for 1942.” 


TECHNICAL SESSIONS AND CONFERENCES 


Most of the sessions and conferences of 
aid to the war effort will deal with getting 
the most out of existing equipment in order 
to conserve copper and other critical mate- 
rials. Thus the session on capacitors will 
point out the savings in generator capacity 
and critical materials that may be effected 
by a more intelligent use and application 
of capacitors on power-transmission sys- 
tems. Another session on transformer 
overloading will deal with the thermal 
protection, cooling by forced circulation, 
the effect of ambient temperatures, and 
transformer overloads for cases not covered 
by general rules, all of which tend toward 
getting the most out of existing transformers 
without destruction of equipment. 

Among the conferences which will aid 
the war effort are the following: cables and 
overload capacities to conserve copper, 
changes in the design and operation of sub- 
stations, power-generating equipment, up- 
to-the-minute discussions of defense lighting 
activities and developments, and guides for 
the selection of general-purpose motors. 
Since the amount of copper used to serve 
motors, in switches, control equipment, and 
distribution systems is proportional to the 
nameplate ratings and is from two and one- 
half to seven times the weight of copper in 
the motors a very large saving in critical 
materials may be made by a careful selec- 
tion of motors of proper size. 

As already announced (EE, October 42, p. 
527), other ‘‘guides’”? or ‘‘general princi- 
ples” for the selection and operation of 
electric equipment are in preparation in 
co-operation with the AIEE standards 
committee. Some of these guides will serve 
as a basis for discussions in the sessions and 
conferences. 

The personnel of the committee making 
arrangements for the meeting is as follows: 


Chairman, C. R. Jones (M ’30); F. A. Cowan (M ’29); 
W. S. Hill (M’30); M. D. Hooven (M°30); A. E. 
Knowlton (F’30); C. S. Purnell (M35); R. L. 
Webb (M ’35); C. C. Whipple (M ’26). 


Board of Directors Meets 


The regular meeting of the board of 
directors of the American Institute of 
Electrical Engineers was held at Institute 
headquarters, New York, N. Y., October 
23, 1942, 

The election by the executive committee, 
under authority of the board of directors, 
of C. A. Powel (F 41) as vice-president of 
the Institute, representing the Middle 
Eastern District, for the unexpired term, 
ending July 31, 1943, of N. S. Hibshman 


Institute Activities 


(F °41), who resigned because of his re- 
moval from the District, was reported. 
The board confirmed this action (EE, 
October °42, p. 532; November ’42, p. 574). 

Upon recommendation of the Providence . 
Section and the executive committee of the 
North Eastern District, the board author- 
ized changes in location and dates of the 
1943 technical meeting of that District to 
Pittsfield, Mass., April 8 and 9. It was 
originally scheduled to be held in Provi- 
dence, April 7-9. 

Upon request of the technical program 
committee, the chairman of the standards 
committee was made an ex-officio member 
of the technical program committee. 

Upon recommendation of the technical 
program committee and the technical com- 
mittees concerned, the board authorized 
the change in status of the joint subcom- 
mittee on electronics to that of an AIEE 
technical committee on electronics, with 
the following definition of scope: 


“Treatment of all matters in which the dominant 
factor is electronics, particularly those dealing with 
the design, characteristics, or behavior of devices of an 
electronic nature, or of the circuits associated with 
them. The treatment of complete equipments or 
systems may be considered within the scope of this 
committee if they depend predominantly on electronic 
devices for their operation. If the field of application 
of such equipments or systems falls also within the 
scope of other technical committees, action with 
those committees may be joint.” 


Authorization was given to the technical _ 
program committee to arrange with the 
Institute of Radio Engineers for joint 
sessions at the national technical meeting 
of the AIEE to be held in New York, N. Y., 
January 25-29, 1943. 

Upon recommendation of the standards 
committee, the board approved, for sub- 
mission to the American Standards Associa- 
tion a revision of the American Standard on 
“Lightning Arresters for A-C Power Cir- 
cuits” (AIEE, 28; ASA, C62), developed 
by a subcommittee of the AIEE committee 
on protective devices, and approved the 
appointment of AIEE representatives on 
other standardizing bodies, as follows: 


Walter Mikelson (A ’40) to the Sectional Committee 
on Classification and Designation of Surface Quali- 
ties, B46. 


H. W. Bousman (M °36) to Sectional Committee on 
Specifications and Methods of Test for Electrical 
Insulation Materials, C59 (to replace J. A. Scott 
(M °34) who has entered the United States Army.) 


C. A. Powel (F’°41) to replace D, F. Miner (F ?40) 
(who has entered the United States Army) on Sec- 
tional Committee C67, ‘‘Voltages Below 100.” 


Edward Bennett (F°18) as a representative of the 
Institute on Sectional Committee 210, ‘Letter 
Symbols and Abbreviations for Science and Engi- 
neering”’ (transferring him from the status of Member- 
at-Large). 


J. T. Lusignan, Jr. (M’34) as chairman of Sectional 


Committee C68, “Sphere Gap Standardization,” to 
succeed E. J. Rutan (M ’29), resigned. 
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nstitute bylaws were amended as 
‘to conform with the action of the 
rd of directors on August 7, 1942, 
hing the Institute policy committee: 
on 65: The name of the Institute policy committee 


from the listing under the heading “General 
ittees.” 


pe 73: The entire section deleted. 
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nm accordance with section 22 of the 


laws, five members of the board of 
ctors were selected to serve on the 
national nominating committee, namely, 
M. S. Coover (F ’42), M. Eldredge (F°33), 
C. R. Jones (M *30), T. G. LeClair (F °40), 
E. T. Mahood (F °36). 
Representatives of the Institute were 
appointed as follows: 


' Alfred Noble prize committee—Robin Beach (F °35), for 
the five-year term beginning January 1, 1943. 


Standards Council, American Standards Association—J. R. 
North (F°41), for the three-year term beginning 
January 1, 1943; H. E. Farrer (A 21), H. L. Huber 
(M ’23), and E. B. Paxton (M25) as alternates for 
the calendar year 1943, 


The personnel of the committee on 
award of Institute prizes, which awards the 
national prizes, was increased by the addi- 
tion of the chairmen of the committees on 
communication, electrical machinery, 
power transmission and distribution, and 
protective devices. 

Other actions taken by the board were 
as follows: 


Minutes of the meeting of the board of directors 
held August 7, 1942, were approved. 
The following actions of the executive committee 

on applications for election, transfer, and Student 
enrollment, as of September 29, 1942, were reported 
and confirmed: 7 applicants transferred to the grade 
_ of Fellow; 25 applicants transferred to the grade of 
Member; 21 applicants elected to the grade of 
Member; 130 applicants elected to the grade of 
Associate; 229 Students enrolled. 

Recommendations adopted by the board of 
examiners at meetings held September 24 and Oc- 
tober 15, 1942, were presented and approved. Upon 
recommendation of the board of examiners, the 
following actions were taken: 10 applicants were 
elected to the grade of Member; 68 were elected to 
the grade of Associate, and one Associate was re- 
instated; 311 Students were enroiled. 


Monthly disbursements, reported by the 
finance committee, were approved as 
follows: August, $43,673.67; September, 
$19,285.97; October, $35,553.27. 

A budget for the appropriation year 
beginning October 1, 1942, was adopted as 
recommended by the finance committee. 

Those present at the meeting were: 


President—H. S. Osborne, New York, N. Y. 
Past president—R. W. Sorensen, Pasadena, Calif. 


Vice-presidents—A. G. Dewars, Minneapolis, Minn.; 
J. Elmer Housley, Alcoa, Tenn.; C. R. Jones, New 
York, N. Y.; E. T. Mahood, Kansas City, Mo.; 
K. B. McEachron, Pittsfield, Mass.; C. A. Powel, 
East Pittsburgh, Pa.; E. W. Schilling, Bozeman, 
Mont.; Walter C. Smith, San Francisco, Calif. 


Directors—M. S. Coover, Ames, Iowa; M. Eldredge, 
Washington, D. C.; C. M. Laffoon, East Pittsburgh, 
Pa.; TT. G. LeClair, Chicago, Ill; W. R. Smith, 
Newark, N. J.; R. G. Warner, New Haven, Conn. 


National treasurer—W. I. Slichter, Schenectady, N. Y. 
National secretary—H. H. Henline, New York, N. Y. 


By invitation, Chairman John C. Parker of the com- 
mittee on co-operation with war agencies was present 
during a part of the meeting. 
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The 1942-43 Institute Budget 


In the accompanying tabulation will be 
found a report of the income and expendi- 
tures of the Institute for the appropriation 
year ending September 30, 1942, and the 
budget as recommended by the finance 
committee for the ensuing year. Approval 


of this budget by the board of directors, at 
its meeting held on October 23, 1942, was 
given with the understanding that prac- 
tically all activities would now conform to 
the definition of Institute wartime policies 
(EE, September ’42, p. 477). For example, 


Institute Income and Expenses for the Year Ending September 30, 1942, and Bud- 


Budget for 


get for Year Ending September 30, 1943 


aid Beeman = bah Actual Income Budget for 
Year Ending” Ending is Expenses, Year 
9-30-42 9-30-43 ear Ending Ending 
9-30-42 9-30-43 
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Institute Activities 


it is expected that Institute publications 
will contain, so far as possible, material 
which is closely related to the war effort, 
and that a similar policy will be followed 
in the selection of technical papers for 
presentation at national and District tech- 
nical meetings, the arrangements for which 
will omit the usual social activities. 

It will be noted that the appropriations 
granted for the principal activities—publi- 
cations, meetings, Sections, Branches, com- 
mittees, and agencies supported by the 
Institute jointly with other engineering 
societies—closely correspond with the ex- 
penditures for last year; some items are 
increased slightly to cover advances in 
prices effected since October 1941. In- 
creases in salaries paid to headquarters’ 
staff, affecting fifteen persons, account for 
approximately $3,000 of the new budget; 
$1,500 additional is provided in the appro- 
priation of the administrative department 
for one addition to the staff. 

Other budget items deserving comment 
are: an increase in the rate of traveling 
expenses for delegates to Institute meetings 
and to the District conferences for which 
such allowances are granted (from eight 
and one half to nine cents per mile, one 
way); the restoration of all national and 
District paper prizes; and increase of 
$2,000 in the annual payment to the pen- 
sion fund reserve established two years ago. 
The budget includes $14,500 as unappro- 
priated, for contingencies and additional 
expenses which may develop during the 
year. 

Income for the coming year has been 
estimated below that realized last year, to 
allow principally for losses in dues revenue 
from members in military service and from 
overseas members. On the whole, the 
budget reflects the desire of the board of 
directors to place proper relative emphasis 
on the different phases of Institute activi- 
ties, as modified by present-day require- 
ments, and to limit annual expenditures to 
the amount of anticipated income. For 
the preceding year the board voted to trans- 
fer $20,000 of excess receipts over expendi- 
tures from the general funds to the reserve 
capital fund of the Institute. 

Members wishing further particulars re- 
garding the details underlying the various 
activities provided for in the budget are 
referred to the annual report of the board 
of directors for the fiscal year which ended 
April 30, 1942 (EE, July 42, pp. 368-87). 


All AIEE National and District 
Cash Prizes Restored 


At its meeting on October 23, 1942 
(this issue, p. 676) the AIEE board of direc- 
tors made provisions for the restoration of 
all National and District cash prizes to be 
awarded for the current year. Cash prizes 
previously were restored for all national 
prizes and two of the four District prizes. 

All technical papers presented before the 
Institute are eligible under the AIEE paper 
prize regulations for competitive considera- 
tion for one or more of the established 
prizes, regardless of whether presented be- 
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fore a Branch meeting, a Section meeting, a 
District meeting, or a national convention, 
the several classes of prizes providing for 
equitable competition. 

National prizes awarded are: 


1. Prize for best paper in each of the following classes 
($100 and certificate) ; 


Engineering practice 
Theory and research 
Public relations and education 


2. Prize for initial paper ($100 and certificate) 
3. Prize for Branch paper ($100 and certificate) 


District prizes that may be awarded an- 
nually in each of the geographical Districts 
of the Institute are: 


1. Prize for best paper ($25 and certificate) 

2. Prize for initial paper ($25 and certificate) 
3. Prize for Branch paper ($25 and certificate) 
4 


. Prize for graduate student paper ($25 and cer- 
tificate) 


PERIODS OF COMPETITIONS 


The national best paper prizes and the 
national initial paper prize are awarded 
for papers presented during the calendar 
year, except best paper prize in the class of 
public relations and education. In this 
class the award is for a paper presented sub- 
sequent to those considered at the time of 
the last previous award in this field and 
prior to the end of the calendar year. For 
the national prize for Branch paper only 
papers presented during the preceding aca- 
demic (college) year, July 1 to June 30, 
inclusive, will be considered. 

The District prize for best paper and 
the District prize for initial paper are 
awarded only for papers presented subse- 
quent to the period covered by the last 
previous award in the class and prior to the 
end of the last calendar year. The District 
prize for Branch paper and the District 
prize for graduate student paper are 
awarded only for papers presented subse- 
quent to the period covered by the last 
previous award in the class and prior to 
the end of the last academic (college) year, 


July 1 to June 30, inclusive. 


TIME OF AWARDS 


All of the national prizes and the District 
prize for best paper as well as the District 
prize for initial paper shall be awarded 
prior to May 1 of the succeeding year. The 
District prize for Branch paper and the 
District prize for graduate student paper 
will be awarded as determined by the Dis- 
trict executive committee and announced to 
all Branches in the District. 


HOW TO SUBMIT PAPERS 


For the national prizes all papers ap- 
proved by the technical program committee 
which were presented at the national con- 
ventions or District meetings will be con- 
sidered for the best paper prizes and the 
initial paper prize without being formally 
offered for competition. All other papers 
which were presented at Section or Branch 
meetings must be submitted in triplicate 
with written communications to the na- 
tional secretary on or before February 15 of 
the following year, stating when and where 
the papers were presented. 
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For the District prize for best paper 
and the District prize for initial paper 
papers shall be submitted at least in dupli- 
cate by authors or by officers of the Section, 
Branch, or District concerned to the District 
secretary on or before February 1. The 
District secretary will refer the papers either 
to the District executive committee or a 
committee appointed by the District execu- 
tive committee authorized to make the 
awards. For the District prize for Branch 
paper and prize for graduate student 
paper papers shall be submitted at least in 
duplicate by authors or by officers of the 
Section, Branch, or District concerned to. 
the District secretary in accordance with 
dates of closure and of award, as fixed by 
the District executive committee and an- 
nounced to all Branches in the respective 
Districts. 

The basis of evaluating all student papers 
has been changed to bring it more in con- 
formity with the objectives of such papers. 
Those wishing further information may ob- 
tain a booklet entitled ‘National and Dis- 
trict Prizes” from AIEE headquarters, 33 
West 39th Street, New York, N. Y. 


Bibliography to Be Published 


on Automatic Stations 


The fourth bibliography of technical 
literature entitled “Bibliography on Auto- 
matic Stations, 1930-1941” is soon to be 
issued by the Institute. This publication 
sponsored by the AIEE committee on auto- 
matic stations supplements earlier bibliog- 
raphies on the subject published previously 
in AIEE Transactions. 

The entries in this bibliography are 
numbered consecutively by sections and 
listed alphabetically by years. The ma- 
terial is divided into the following sections: 


General; supervisory and remote control; telemeter 
and telemetry; automatic and remote-controlled 
switches and switchgear; automatic features of gen- 
erating stations using fuels; automatic boiler and 
combustion control; automatic hydroelectric plants; 
automatic substations. 


The “Bibliography on Automatic Sta- 
tions, 1930-1941” will be obtainable from 
AIEE headquarters, 33 West 39th Street, 
New York, N. Y., at 25 cents per copy for 
AIEE members (50 cents to nonmembers) 
with a discount of 20 per cent for quantities 
of 10 or more mailed at one time to one 
address. Remittances, payable in New 
York exchange, should accompany orders. 
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District 2 Branch Counselors, 
Chairmen, and Officers Meet 


The Student Branch meeting of the 
AIEE Middle Eastern District (2) held on 
October 16, 1942, at the University of 
Pittsburgh (Pa.) was attended by 73 stu- 
dents and 14 professors. 
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ng the meeting the following were 
ypointed to serve on the district nominat- 


bi R. Culver, University of Cincinnati (Ohio); L, J. 
Hodgins, University of Maryland, College Park; 
iF W. Smith, Lafayette College, Easton, Pa. 


It was decided that the next meeting 

would be held at Pennsylvania State Col- 
lege. The exact date of the conference is 
to be announced. 
___ A discussion of the effects of the acceler- 
_ ated wartime programs on Branch activi- 
ties revealed that all schools are not fol- 
lowing the same plan. It was urged that 
a greater effort be made to have juniors 
and sophomores take a more active part in 
Branch activities. 

At the meeting of District 2 student 
Branch officers held on October 16, 1942, 
student chairmen of the various AIEE 
Branches in the District reported on the 
Branch activities of the past year. It was 
decided at this meeting that the “Shunt,” 
official student publication of District 2 
; be published in six issues during the coming 

year. Branches were requested to support 
_ the publication editorially and financially. 
? A joint meeting of Student Branch chair- 
; men and counselors was also held. 
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Washington Section Opens Season 
With Talk on Rubber 


The AIEE Washington Section held its 
opening meeting of the 1942-43 season on 
October 13, 1942. Following dinner at the 
Harrington Hotel, R. A. Schatzel (A’28) 
director of research, General Cable Cor- 
poration, Rome, N. Y., and chairman of 
the technical advisory committee to the 
rubber and rubber products branch of the 
War Production Board, spoke on ‘‘Some 
Engineering Aspects of Synthetic Rubber.” 
Discussing the types, properties, and avail- 
ability of synthetic rubber, its properties as 
insulation, and its uses from an engineering 
point of view, he pointed out that syn- 
thetic rubbers should be considered as 
different types of rubber, not as separate 
materials different from natural rubbers. 
He stated further that each kind of syn- 
thetic rubber has properties that adapt it 
for particular uses. After the meeting 
refreshments were served. 


ABSTRACTS eee 


Basic Sciences 


43-11—Formulas for the Calculation of 
the Inductance of Linear Conductors of 
Structural Shape; Thomas 7. Higgins 
(4°40). 15 cents. The formula for the 
geometric mean distance between two un- 
like rectangles with corresponding sides 
parallel but otherwise arbitrarily located is 
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derived by evaluating the appropriate 
quadruple integral. Conjoining this for- 
mula (which encompasses, as special cases, 
all hitherto known formulas for the geo- 
metric mean distance between parallel- 
sided rectangles) with the cardinal theorem 
of geometric mean distance theory yields 
very general formulas that afford the in- 
ductance of single or of polyphase circuits 
constructed of linear conductors with right 
Cross sections composed of arbitrary con- 
figurations of parallel-sided rectangles. As 
“oi slab nm, specific formulas are obtained 
or: 


1, The inductance of single-phase circuits comprised 
of two symmetrically located conductors, these latter 
being 

(a), Channels back to back. 

(6). Split rectangular tubular conductors, 

(c). Two I-beams, 


2. The reactance drop in an individual conductor 
of a three-phase circuit comprised of three equilater- 
ally spaced, rectangular tubular conductors. 


A short but comprehensive résumé of the 
existent literature on formulas for the cal- 
culation of the inductance of linear con- 
ductors of solid or tubular rectangular cross 
section is included in the paper. 


Electrical Machinery 


43-2—A Useful Equivalent Circuit for a 
Five-Winding Transformer; L. C. Aicher, 
Jr. (A’37). 715 cents. The possibilities of 
multiwinding transformers with five wind- 
ings have been discussed by power-system 
engineers. Heretofore, serious considera- 
tion of such an equipment has been cur- 
tailed because of an inadequate five-wind- 
ing equivalent circuit. This paper presents 
a practical equivalent circuit together with 
a development of the necessary formulas. 
All formulas make use of quantities that 
can be easily measured at the transformer 
terminals. Numerous mathematical ma- 
nipulations in the development have been 
omitted from the paper in the interest of 
brevity. A fundamental objective has been 
to keep the equivalent circuit suitable for 
the calculating board. Examples show how 
the various parameters are evaluated. One 
example demonstrates the factors affecting 
the voltage regulation of a five-winding 
transformer when connected to two sources 
of energy. 


43-3—A New Type of Adjustable-Speed 
Drive for A-CSystems; A.G. Conrad (M’40), 
S. T. Smith (Enrolled Student), P. F. Ordung 
(Enrolled Student). 15 cents. ‘This paper 
describes the theory and characteristics of 
a new type of polyphase adjustable-speed 
motor and its control circuit. The system 
provides an a-c drive that has character- 
istics comparable to those of the Ward 
Leonard system used on direct currents. 
The control circuit provides starting as 
well as speed adjustments from zero to one 
hundred per cent of rated value. The 
power factor of the motor is either leading 
or very close to unity over its operating 
range, and consequently the efficiency is 
high. Low costs of this type of motor and 
its control system, the large speed range, 
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the facility for rapid reversal by regenera- 
tion, and its high starting torque make it 
suitable for some industrial applications. 


43-4—Performance Calculations on Tap- 
ped-Winding Capacitor Motors; P. H. 
Trickey (M36). 15 cents. The tapped- 
winding capacitor motor is a capacitor 
motor with an extra control winding which 
is put in series with the motor to obtain a 
lower operating speed. The high-speed 
performance may be calculated by one of a 
number of recognized methods. The low- 
speed performance may be determined ap- 
proximately by calculating the performance 
at a low fictitious main-winding voltage 
and adding to this voltage the proper im- 
pedance drops of the control winding. By 
trial and error this total voltage is made to 
equal the line voltage. 


43-6—Analysis of Rating Methods for 
Intermittent Loads; R. E. Hellmund (F ’73) 
(deceased). 15 cents. The economies of rating 
structures for electrical equipment from 
the viewpoints of manufacturing and ap- 
plication are considered. Methods for 
dealing with periodic load applications are 
reviewed. The present methods have cer- 
tain limitations for some practical applica- 
tions. An improved method for applying 
motors to load cycles where the motor stops 
and ventilation changes in the no-load part 
of the cycle is developed. This method is 
based on certain motor-loss ratios, that is, 
the relation between the losses dissipated 
with standard temperature-rise running 
and at standstill and the losses at the 
nominal or short-time rating. It permits 
the application of service-factor or short- 
time ratings to periodic loads with more 
exactness. Attention is called to the wide 
variations in permissible rms current on 
periodic loads for different loss ratios and 
changes in ventilation on a motor. 


Instruments and Measurements 


43-1—An Instrument for the Determina- 
tion of Contact-Making and Breaking 
Time; Walther Richter (F’42), W. H. 
Elliot (A’40). 15 cents. Hitherto for the 
measurement of the arcing time of con- 
tacts, opening or closing a circuit, oscillo- 
grams have had to be taken. ‘This 
procedure is tedious and time consuming, 
especially when many observations are 
required. An electronic device has been 
developed which indicates the time of 
arcing on a direct-reading instrument. 
Four ranges, 2, 5, 10, and 20 milliseconds, 
for full scale deflection are available. Use 
is made of the well-known method of 
charging a condenser with a definite cur- 
rent, the charge accumulated being a 
measure of the duration of current flow. 
The novel feature is the method of causing 
the charging current to flow only during the 
arcing time of the contacts under investi- 
gation. A Wheatstone bridge with a vac- 
uum tube in one arm is used to indicate 
the condenser charge on the direct-reading 
instrument. 
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Power Transmission 
and Distribution 


43-7—Abnormal Overvoltages Caused by 
Transformer Magnetizing Currents in 
Long Transmission Lines; H. A. Peterson 
(M°471), T. W. Schroeder (A’37). 15 
cents. It has been found by means of the 
transient analyzer that certain combina- 
tions of transmission-line length and system 
reactance can give rise to overvoltages of 
considerable magnitude when a lightly 
loaded transformer is connected to that 
transmission line. Such a system is most 
susceptible to overvoltage phenomena when 
the transformer is connected to the receiy- 
ing end of that transmission line, although, 
theoretically, similar phenomena may occur 
for any transformer location including the 
transformer at the sending end. ‘These 
overvoltages are in addition to the normal 
fundamental-frequency voltage rise and are 
of a combination subharmonic and _ har- 
monic nature. A comprehensive analysis 
of representative circuits with and without 
series-capacitor compensation has been 
made to determine the regions of abnormal 
behavior and the effectiveness of various 
practical methods for safely limiting such 
overvoltages. Such practical means for 
controlling the overvoltage include proper 
switching and relaying arrangements, the 
synchronous condenser, shunt reactors, 
and resonant shunts. These results will be 
of considerable importance from the stand- 
point of designing and operating systems 
involving the transmission of power over 
distances in the practical range above 200 
miles. 


43-9—Equivalent Circuits for Oscillating 
Systems and the Riemann—Christoffel 
Curvature Tensor; Gabriel Kron (A’30). 
75 cents. It is shown that a necessary 
though not sufficient condition for the exist- 
ence of a physical model, corresponding 
to a given set of equations, is that the set 
should be a tensor equation. ‘This follows 
from the fact that only quantities that are 
tensors can be measured by instruments. 
The conclusion is therefore reached that 
only equations that are in tensor form can 
be set up on the a-c calculating board. 
The principle is illustrated by setting up 
equivalent circuits with the aid of tensorial 
hunting equations for the determination of 
the steady-state, hunting, and self-excita- 
tion performance of two interconnected 
instrument-selsyns, of two salient-pole 
synchronous machines, and of a capacitor- 
compensated transmission line connected 
to a salient-pole synchronous machine. A 
companion paper, 43-8, contains the re- 
sults of an extended study made on the a-c 
network analyzer with the aid of one of the 
equivalent circuits developed here. 


43-8—Self-Excited Oscillations of Capaci- 
tor-Compensated Long-Distance Trans- 
mission Systems; R. B. Bodine (A’37), 
C. Concordia (M ’37), G. Kron (A’30). 15 
cents. ‘This paper presents the results of an 
investigation of regions of possible insta- 
bility which may be encountered in the 
transmission of electric power for long 
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distances over series capacitor-compensated 
lines. The limits of stability, hunting, and 
self-excitation applicable during normal 
steady-state operation are determined. 
The method described can be used to deter- 
mine the effects of length of line, amount of 
compensation, machine and line character- 
istics, and so forth. Results showing the 
effects of compensation and of machine 
characteristics and loading are given. ‘The 
system performance was determined by 
calculations and measurements on equiva- 
lent circuits set up on the a-c network 
analyzer. The method used is believed to 
have certain advantages, particularly in 
the range of system parameters which can 
conveniently be considered, and in the 
accuracy of representation of the system, 
over those used in previously described 
investigations. It is concluded that the 
types of instability considered are avoid- 
able in practical applications of long- 
distance electric-power transmission — if 
attention is paid to proper design. An ef- 
fective amortisseur is particularly desirable. 


43-10—Dielectric Recovery Character- 
istics of Large Air Gaps; G. D. McCann 
(A 38), F. Ff. Clark (A°40). 75 cents. The 
rates at which large air gaps recover di- 
electric strength after discharging short- 
duration surge currents comparable to 
those produced by lightning are of funda- 
mental importance in relation to the 
mechanism of natural lightning and in 
determining power-system performance. 
For the study of this problem a method of 
synchronizing two surge generators has been 
developed so that a surge discharge can be 
produced and controlled surge voltage ap- 
plied after specified time intervals. By 
this means a study of the rate of dielectric 
recovery and the visual mechanism of 
successive discharges has been made for a 
wide range of initial discharge currents. 
The data obtained are compared with the 
mechanism of multiple strokes and are ap- 
plied to the problem of determining the 
probability of transmission-line lightning 
flashovers producing an outage and to the 
minimum safe reclosing times after circuit 
interruption. 


Protective Devices 


43-5—Correlation of System Overvolt- 
ages and System Grounding Impedance; 
working group on correlation of system-grounding 
impedance of the committee on protective devices. 
75 cents. ‘The various causes of system over- 
voltages other than lightning and the effect 
of the different classes of system grounding 
on these overvoltages are examined in this 
paper. If in a given system or portion 
thereof, Xo/Xi<3 and R)/Xi<1 for all 
fault locations and for any condition of 
operation and amount of connected gen- 
erating capacity, then that system or por- 
tion thereof is classified as solidly grounded. 
Such a system has the lowest overvoltages 
and protective level. If greater limitation 
of short-circuit current is desired, resist- 
ance or reactance may be introduced in 
the neutral. The permissible value of 
reactance lies in the range from X)/X,=3 
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to 10 for generator neutral grounding, al- 
though sometimes it may be higher for 
grounding transmission systems. The 
maximum permissible value of resistance 
for neutral grounding corresponds to the 
tuned reactance value of the ground-fault 
neutralizer. The isolated neutral system 
is poorest with respect to overvoltages and 
protective level. 


STANDARDS eee 


AIEE Standards Manual Published 


The standards committee of the Insti- 
tute announces the publication of the 
““ATEE Standards Manual.” The manual 
has been in course of development for 
several years, having been started by R. E. 
Hellmund during his chairmanship of the 
standards committee. His preliminary 
draft has been revised and developed by a 
subcommittee under H. R. Summer- 
hayes (F ’39). The pamphlet, it is hoped, 
will prove to be an effective guide to all 
committee chairmen and others engaged in 
the many phases of standards work now 
carried on by the AIEE. For many years 
it has been evident that there was a general 
lack of understanding of the machinery of 
standardization and the relationships exist- 
ing particularly as to committees engaged 
in activities of joint interest to AIEE and 
the American Standards Association. The 
‘‘ATEE Standards Manual’ outlines in de- 
tail the various steps to be followed in stand- 
ards work of such joint interest. Excerpts 
from the bylaws governing standards are 
given as well as the bylaws of the standards 
committee. Additional sections deal with 
the work of the various standards co- 
ordinating committees, basic guiding stand- 
ards, test codes, electrical definitions, and 
publication procedure. 

The standards committee urges that 
those engaged in standards work obtain a 
copy of this pamphlet, a careful reading of 
which should result in a much clearer 
understanding of the rather complex ma- 
chinery which must be put in operation 
when new projects or revision of existing 
projects are undertaken. Copies may be 
obtained gratis from AIEE headquarters 
by writing H. E. Farrer, secretary of the 
standards committee. 


Comments on Trial Standard 


Asked 


AIEE Trial Standard 31, “Capacitance 
Potential Devices and Outdoor Coupling 
Capacitors,’ which was made available in 
December 1941 for trial use is to be re- 
vised and issued as a permanent standard. 
In its trial form it covers definitions, rat- 
ings, and accuracy performance character- 
istics of capacitance potential devices and 
outdoor coupling capacitors. Since suffi- 
cient time has elapsed to permit some use 
of the standard, the working group which 
developed it desires from interested engi- 
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s comments and suggestions which 
may be helpful in reshaping the standard 
for permanent use. All communications 
_ should be addressed to C. A. Woods, Jr., 
_ATEE relay subcommittee of the com- 
mittee on protective devices, switchgear 
engineering department, Westinghouse 
Electric and Manufacturing Company, 
East Pittsburgh, Pa. 


i 
« 


PERSONAL 


O. A. Knopp (A’09, M °34) chief, bureau 
of tests and inspection, Pacific Gas and 
Electric Company, Emeryville, Calif., has 
recently retired. He was born August 24, 
1877, in Berlin, Germany, and received 
his technical education in that country. 
His electrical engineering career in America 
began in 1901, when he accepted an invita- 
tion to introduce German technical meth- 
ods to the students of the Blue Hill Observa- 
tory, Harvard University, Cambridge, 
Mass. Prior to this appointment he had 
been associated briefly with Bergmann 
Electrical Works, Berlin, Germany, as test- 
ing engineer, and as engineer at the Aero- 
nautical Observatory of the Royal Prussian 
Meteorological Institute at Berlin. From 
1902 to 1903 he was associated with Gen- 
eral Electric Company in the testing depart- 
ment, learning the American methods of 
electrical engineering, and upon comple- 
tion of the test course joined the Oakland 
Gas, Light and Heat Company as assistant 
superintendent. He became assistant 
superintendent of the Sacramento (Calif.) 
Gas and Electric Railway Company in 
1904, and in 1905 he returned to Oakland 
(Calif.) Gas, Light and Heat Company, 
where he remained as superintendent of 
the meter and instrument department until 
1908. From 1908 to 1915 he was super- 
intendent of the standardizing laboratory 
and meter department, Pacific Gas and 
Electric Company, Oakland, Calif., and 
from 1915 to 1920 he served as superin- 
tendent of the laboratory department of 
the company’s general office in San Fran- 
cisco. In 1920 he was appointed chief, 
bureau of tests and inspection, a position he 
held until his retirement. He also is a 
member of the American Society for Testing 
Materials. In 1937 he was awarded the 
AIEE Pacific District Prize for initial paper 
for his paper ‘‘Some Applications of In- 
strument Transformers.” 


. 
. 
| 


C. B. Joliffe (M °34) assistant to the presi- 
dent of the Radio Corporation of America 
and chief engineer, RCA Laboratories, 
New York, N. Y., has been appointed vice- 
president and chief engineer of the RCA 
Manufacturing Company, New York, N. Y. 
He has been associated with the RCA 
company since 1935. Doctor Joliffe was 
born November 13, 1894, in Mannington, 
W. Va., and received the degrees of bache- 
lor of science (1915) and master of science 
(1920) from West Virginia University, 
where he served as instructor in physics from 
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1917 to 1918 and from 1919 to 1920. Dur- 
ing World War I he served in the United 
States Army Signal Corps. From 1920 to 
1922 he was instructor of physics at Cornell 
University, Ithaca, N. Y., and in 1922 he 
was awarded the degree of doctor of 
philosophy from that institution. From 
1922 until 1930 he was associate physicist 
to the physicist, radio section, Bureau of 
Standards, Washington, D. C. He served 
as technical advisor for the International 
Consulting Committee on Radio at The 
Hague in 1929. In 1930 he was made chief 
engineer of the Federal Radio Commission, 
and when this was replaced in 1934 by the 
Federal Communications Committee, 
which is charged with regulation of all 
wire and radio communications, he became 
chief engineer of the new commission. In 
1935 he was appointed engineer in charge 
of the RCA Frequency Bureau, Radio 
Corporation of America, later becoming 
chief engineer of the RCA Laboratories. 
He served on the AIEE committee on com- 
munication from 1934 to 1939 (chairman, 
1936-37), and on the technical program 
committee for 1936-37. He is a fellow of 
the Institute of Radio Engineers and the 
American Association for the Advancement 
of Science, and a member of Phi Beta 
Kappa and Sigma Xi. 


M. T. Crawford (A’07, F’22) assistant 
chief engineer, Puget Sound Power and 
Light Company, Seattle, Wash., has 
recently been appointed chief engineer. 
He has been associated with the company 
and its predecessors since 1906. He was 
born March 3, 1885, in Louisville, Ky., 
and received the degrees of bachelor of 
science in electrical engineering (1907) and 
a master’s degree in electrical engineering 
(1910) from the University of Washington. 
He joined the Seattle-Tacoma Power Com- 
pany in 1906 as draftsman and record clerk, 
becoming general foreman in charge of 
construction (1909), and assistant engineer 
(1910). In 1912 he was appointed super- 
intendent of the transmission division, water 
power department, Puget Sound Traction 
Light and Power Company, when the 
Seattle-Tacoma Power Company consoli- 
dated with several other utilities. During 
this year he also acted as engineer for the 
Key City Light and Power Company, 
Port Townsend, Wash. He held succes- 
sively the positions of superintendent of the 
transmission and distribution divisions, 
light and power department (1916-18) and 
acting general superintendent of the light 
and power department (1917). In 1919, 
when the company was reorganized, he 
became superintendent, distribution de- 
partment, Puget Sound Power and Light 
Company, Seattle, Wash. He was ap- 
pointed to his latest position in 1935. He 
is a member of Tau Beta Pi and Sigma Xi. 


W. M. White (M’21) manager and chief 
engineer, hydraulic department, Allis- 
Chalmers Manufacturing Company, Mil- 
waukee, Wis., retired recently. His retire- 
ment concludes a 31-year association with 
the company. He was born November 
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and Tau Beta Pi. 


20, 1871, at Valley Head, Ala., and was 
graduated from Tulane University with the 
degree of bachelor of science in electrical 
engineering in 1899. He began his elec- 
trical engineering career in 1899 as as- 
sistant engineer, Drainage Commission of 
New Orleans, La., and from 1899 to 1901 
he was in charge of the steam generating 
station, transmission lines, and the motor- 
driven pumping stations. From 1901 to 
1911 he was associated with I. P. Morris 
Company, Philadelphia, Pa., as hydraulic 
engineer, and since 1911 he has held his 
present position with the Allis-Chalmers 
company. In 1930 he was awarded the 
honorary degree of doctor of science by 
Tulane University, and in 1940 he was 
named a Modern Pioneer by the National 
Association of Manufacturers. Doctor 
White is the holder of numerous patents 
and the author of several technical articles 
and papers. He served as a member of the 
AIEE committee on power generation 
from 1924 to 1929. He is also a member of 
the American Society of Mechanical Engi- 
neers, the American Society of Civil Engi- 
neers, the Franklin Institute, Sigma Xi, 


Gordon Thompson (A’12, M °18) assist- 
ant chief engineer, Electrical Testing Labo- 
ratories, Inc., New York, N. Y., has re- 
cently been appointed chief engineer. He 
was born in Charlestown, N. Y., on Octo- 
ber 18, 1888, and received the degrees of 
bachelor of engineering (1909) and elec- 
trical engineer (1913) from Cooper Union. 
He entered the employ of Electrical Test- 
ing Laboratories in 1909, and was made 
foreman of the electrical laboratory in 1910. 
In 1913 he became engineer in charge of 
the electrical laboratory, serving in that 
capacity until 1919. During the years 
1911-15 he also taught physics and elec- 
trical engineering courses at Cooper Union. 
From 1919-26 he was professor of electrical 
engineering at Nanyang University, Shang- 
hai. He also served as consulting engi- 
neer for the Mission Architects Bureau of 
China, and designed illumination and elec- 
trical distribution apparatus in several pub- 
lic buildings in Changsa and Wuhu. He 
returned to Electrical Testing Laboratories 
in 1927 as assistant chief engineer. He has 
served on the AIEE standards committee 
since 1939, and the committee on domestic 
and commercial applications since 1941. 
He is also a member of the American So- 
ciety for Testing Materials. 


H. F. Boe (M ’30) manager, district manu- 
facture and repair department, Westing- 
house Electric and Manufacturing Com- 
pany, East Pittsburgh, Pa., has been elected 
vice-president of the company. He was 
born May 12, 1884, at Mansfield, Ohio, 
and first joined the Westinghouse company 
in 1903 in the testing department. Until 
1910 he worked on dynamo and motor 
testing, ultimately becoming foreman in 
charge of testing in the department. In 
1911 he was transferred to general engi- 
neering, and in 1913 he was appointed engi- 
neer in the sales engineer department. He 
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left the company in 1916 for a brief associa- 
tion with the Vaile Kimes Company, 
Dayton, Ohio (1916-17), returning to the 
Westinghouse company’s office in Roches- 
ter, N. Y., as sales engineer in 1918. In 
1922 he was transferred to the Buffalo, 
N. Y., office as manager of the industrial 
division, and in 1925 he became manager 
of the Buffalo district. He was appointed 
manager of the eastern district, New York, 
N. Y., in 1935, commercial manager, 
East Pittsburgh, Pa., in 1937, and in 1938 
he was appointed manager of the district 
manufacture and repair department. He 
received the Westinghouse Order of Merit 
in 1941. 


K. R. Van Tassel (A’27) manager of sales, 
Lynn Motor Section, motor division, River 
Works, General Electric Company, Lynn, 
Mass., has been appointed manager of 
sales of the company’s new integral-horse- 
power motor section of the motor division. 
He has been associated with General Elec- 
tric Company since 1925, the year in 
which he received the degree of bachelor of 
science from Massachusetts Institute of 
Technology. After one year in the student 
engineering course in Schenectady, N. Y., 
he was transferred in 1926 to the trans- 
former engineering department, Pittsfield, 
Mass. In 1928 he was transferred to the 
single-phase motor department, Pittsfield, 
ultimately becoming designing engineer for 
the department. In 1932 he was sent to the 
fractional-horsepower motor engineering 
department, Fort Wayne, Ind., later be- 
coming a commercial engineer in this de- 
partment, and finally, staff assistant to the 
manager of the Fort Wayne Works. He 
became manager of sales at the River Works 
in 1940. 


H. V. Putman (A’23, M’32) manager, 
transformer division, Westinghouse Electric 
and Manufacturing Company, Sharon, Pa., 
has been elected a vice-president. He has 
been associated with the company con- 
tinuously since 1925. He was born in 
Barker, N. Y., on May 27, 1899, and re- 
ceived the degrees of bachelor of science in 
electrical engineering (1920), master of 
science in electrical engineering (1921), and 
doctor of philosophy (1923) from Union 
College. Following a two-year association 
(1923-25) with Ideal Electric and Manu- 
facturing Company, Mansfield, Ohio, first 
as design engineer and later as assistant 
chief engineer, he entered the employ of 
the Westinghouse company as design engi- 
neer on synchronous motors. He was ap- 
pointed section engineer in the synchronous 
motor section (1928), assistant manager of 
the transformer engineering department 
(1929), manager of the transformer engi- 
neering department (1931), and was named 
manager of transformer division in 1941. 


J. F. Wiggert (A ’09, M °16) chief electrical . 


engineer, Homestake Mining Company, 
Lead, S. D., retired recently. Following a 
five-year association with Edison Light and 
Power Company, La Crosse, Wis., and 
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brief affiliations with various other com- 
panies, he entered the employ of the 
Homestake company in 1902 as assistant 
to the chief electrical engineer. He was 
associated with the development of elec- 
trical equipment at the Homestake Mining 
Company, almost from its beginning, in- 
cluding supervision of the development of 
the carrier-current system of shaft signal- 
ling. In 1923 he was appointed chief 
electrical engineer, a position he held until 
his retirement. He is also a member of 
the American Institute of Mining and 
Metallurgial Engineers, and a consulting 
engineer with the United States Bureau of 
Mines. He was born in La Crosse, Wis., 
on September 22, 1877. 


GC. L. Gust (A ’15) assistant chief electrical 
engineer, Homestake Mining Company, 
Lead, S. D., has been appointed chief 
electrical engineer. He has been associ- 
ated with the company since 1912, and 
has served as assistant chief electrical engi- 
neer since 1923. Prior to his appointment 
to that position he served in various other 
capacities, including operator at the Lead, 
S. D., substation and the Spearfish, S. D., 
hydroelectric power station, chief engineer 
at the Englewood, S. D., power station, 
chief operator of the Lead, S. D., substation, 
and foreman of electrical installation at the 
Lead, S. D., steam-turbo-generator sta- 
tion. He was born July 21, 1894, at Yank- 
ton, S. D., and received his first engineering 
experience from 1910 to 1912 with Stone 
and Webster Engineering Corporation, 
Everett, Wash., and Oregon Washington 
Water Power Company, Medford. 


J. R. Read (A’04) president, Canadian 
Westinghouse Company, Ltd., Hamilton, 
Ont., has been appointed president of the 
Atlas Plant Extension, Ltd., Welland, Ont. 
He was born in Virginia, on October 24, 
1879. He began his electrical engineering 
experience with Sterling White Lead Com- 
pany, Parnassus, Pa., afterward spending 
three years as student engineer with West- 
inghouse Electric and Manufacturing Com- 
pany, East Pittsburgh, Pa. He was em- 
ployed as engineer by the Cherokee Gold 
Dredging Company, and the Northern 
California Power Company before entering 
the employ of Canadian Westinghouse in 
1904 as sales engineer for the Vancouver 
(B. C.) district office. He was appointed 
Vancouver district manager in 1907, com- 
pany vice-president in 1937, director in 
1938, and president in 1939. 


A. M. Unger (A’40) development engi- 
neer, Pullman Standard Car Manufac- 
turing Company, Chicago, IIll., was the 
recipient of the $3,700 first award in the 
$200,000 Progress Program of the James F. 
Lincoln Arc Welding Foundation. His 
paper, written in collaboration with J. E. 
Chandlin, Jr., discussed the major con- 
siderations in the gradually increasing ap- 
plications of welding to railroad passenger 
cars since 1936. J. F. Petrowsky (A’17, 
M_’20) designing engineer, Burke Electric 
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Company, Erie, Pa., was awarded $150 
for his paper entered in the classification of — 
functional machinery, and L. J. Bentley 
(A’40) design leader of maintenance de- 
partment, Chevrolet Gear and Axle, 
Detroit, Mich., received a $100 award in 
the same classification. 


F. M. Farmer (A ’02, F ’13) vice-president, 
and until recently, chief engineer of Elec- 
trical Testing Laboratories, Inc., New York, 
N. Y., has been appointed consulting engi- 
neer. He has been associated with Elec- 
trical Testing Laboratories since 1903, when 
he joined the staff as technical assistant. 
He became engineer for the company in 
1906, chief engineer in 1912, and vice- 
president in 1929. He has been serving the 
United States government lately in the ca- 
pacity of co-ordinator of inspection for the 
New York Ordnance district. He was a 
member of the AIEE board of directors 
(1934-38), and is a past vice-president 
(1938-39) and past president (1939-40) of 
the Institute. 


W. D. Coolidge (A’10, M ’34) vice-presi- 
dent and director of research, General 
Electric Company, Schenectady, N. Y., was 
awarded the honorary degree of doctor of 
laws by Ursinus College in recognition of 
his x-ray and other research work. The 
recipient of the AIEE Edison Medal in 
1927, and the Washington Award in 1932, 
he received the degrees of bachelor of 
science in electrical engineering (1896) from 
Massachusetts Institute of Technology, and 
doctor of philosophy (1899) from the Uni- 
versity of Leipzig. 


J. W. E. Griemsmann (A’39) research 
laboratories, Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa., has recently been appointed to the staff 
of the graduate electrical engineering de- 
partment of the Polytechnic Institute of 
Brooklyn, N. Y., as a research and teaching 
assistant. He received the degrees of bache- 
lor of electrical engineering (1936) and 
master of electrical engineering (1938) from 
that institution. 


R. C. Muir (A ’08, F ’36) vice-president in 
charge of engineering, General Electric 
Company, Schenectady, N. Y., has been 
granted the honorary degree of doctor of 
engineering by Manhattan College. He 
was graduated from the University of Wis- 
consin in 1905 with the degree of bachelor 
of science in electrical engineering, and was 
awarded the honorary degree of doctor of 
engineering from that institution in 1939. 


P. S. Mancini (A’37) assistant engineer, 
Public Service Engineer’s Office, Provi- 
dence, R. I., has become public service engi- 
neer for that city. He was graduated from 
Massachusetts Institute of Technology in 
1926 with the degree of bachelor of science, 
and has been associated with the public 
service engineering department of Provi- 
dence since 1931. 


W. L. Winter (A ’21) sales engineer, West- 
inghouse Electric and Manufacturing Com- 
pany, Salt Lake City, Utah, has been ap- 
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He entered the employ ie the West- 
ng 
iD, the Salt rae City office since 1933. 


AR, Stevenson, Jr. (A’20, F’37) staff 
_assistant to the vice-president in charge of 


engineering, General Electric Company, 
Schenectady, N. Y., has been elected. to 


serve as a manager of the American Society 
of Mechanical Engineers. 


LL. A. Goalby (A ’40) central station divi- 
sion, Westinghouse Electric and Manufac- 
turing Company, Denver, Colo., has been 
‘appointed manager of the Denver office. 
He has served as apparatus sales engineer 
in this office since 1936. 


G. T. Shoemaker (M ’20, F ’39) vice-presi- 
dent, Kansas City (Mo.) Power and Light 
Company, has been nominated vice-presi- 
dent of the American Society of Mechani- 
cal Engineers for 1942-43. 


OBITUARY 


John Harisberger (A’02, M’10) retired 
general superintendent and manager, di- 
vision of power supply, Puget Sound Power 
and Light Company, Seattle, Wash., died 
on September 9, 1942. He was born 
December 2, 1871, in Wasen, Switzerland, 
and became a naturalized citizen of the 
United States in 1904. He first became 
identified with the electrical industry in 
1892, when he was employed by the North- 
west Thomson-Houston Electric Company 
and Northwest General Electric Company, 
Portland, Oreg., as shop apprentice and 
construction worker. From 1894 to 1895 
he was employed by the Union Power Com- 
pany, Portland, Oreg., as repair man and 
station operator, and from 1896 to 1898 he 
was associated with Portland (Oreg.) 
General Electric Company in electrical 
construction. In 1899 he was placed in 
charge of construction of the hydroelectric 
plant at Snoqualmie Falls, and upon its 
completion he became general superin- 
tendent of the Snoqualmie Falls (Wash.) 
Power Company. In 1903 he was ap- 
pointed in addition general superintendent 
and electrical engineer for the Seattle 
(Wash.) Cataract Company and the Ta- 
coma (Wash.) Cataract Company, retain- 
ing his position when the three companies 
combined to become the Seattle-Tacoma 
Power Company. In 1912, upon consoli- 
dation of the electric companies in the 
Puget Sound district, including the Seattle 
Electric Company, Seattle-Tacoma Power 
Company, Pacific Coast Power Company, 
and Puget Sound Power Company, he 
was appointed superintendent of water 
power in charge of all hydroelectric sta- 
tions of the Puget Sound Traction, Light 
and Power Company, Seattle, Wash., 

which assumed its present name in 1919. 
In 1931 he was appointed general super- 
intendent and manager of the division of 
power supply, in charge of all hydroelectric 
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and steam-power-producing facilities and 
trunk transmission lines, a position he held 
until his retirement in 1938. From 1905 
to 1911, Mr. Harisberger was a lecturer on 
the transmission and generation of elec- 
trical energy at the University of Washing- 
ton, Seattle. He also served on the AIEE 
committee on power stations from 1916 to 
1917, and from 1923 to 1924, 


Frank Reith Phillips (M °27) chairman of 
the board of directors and the executive 
committee and former president of the 
Philadelphia (Pa.) Company and subsidi- 
ary companies, Pittsburgh, Pa., died 
October 23, 1942. He was born on October 
29, 1876, in Cleveland, Ohio, and studied 


_ engineering by private tutor and at the 


Case School of Applied Science. In 1894 
he joined the engineering department of 
the Cleveland (Ohio) City Railway Com- 
pany, and in 1903, when the company was 
consolidated with the Cleveland (Ohio) 
Electric Company, he was appointed as- 
sistant master mechanic. From 1904 to 
1906 he was master mechanic with the 
Cincinnati, Newport, and Covington Light 
and Traction Company, and in the latter 
year he was appointed chief engineer of 
the Michigan United Railways Company. 
After brief associations with the Ohio Brass 
Company, Mansfield, and the United 
Light and Traction Company, Mich., he 
entered the employ of the Pittsburgh (Pa.) 
Railways Company, a subsidiary of the 
Philadelphia Company, in 1910. He 
served successively as superintendent of 
equipment and acting general manager, 
and was ultimately appointed mechanical 
and electrical engineer. In 1926 he was 
appointed vice-president and general man- 
ager of the Duquesne (Pa.) Light Company, 
a Philadelphia Company subsidiary, and 
retaining this office, in 1928 became vice- 
president of the Equitable Gas Company, 
another subsidiary. He was named senior 
vice-president of the Philadelphia Com- 
pany in 1929, and later in the same year 
was appointed president of all the sub- 
sidiaries of that company, including the 
Pittsburgh Motor Coach Company, the 
Alleghany County Steam Heating Com- 
pany, and the Equitable Sales Company. 
In 1931 he became president and director of 
the Philadelphia Company as well as of the 
subsidiaries, a position he held until his 
recent resignation. He was active in the 
design of the first efficient double-deck 
motor cars, Pittsburgh, 1917, and origina- 
tor of the low floor street car, involving the 
principle of small diameter wheels, since 
largely adopted by street-railway manu- 
facturers and automobile designers. 


Lester William Wallace Morrow (A713, 
M’17, F’25) professor of engineering 
administration, Rutgers University, New 
Brunswick, N. J., died November 15, 1942. 
He was born August 7, 1888, in Hammond, 
W. Va., and received the degree of me- 
chanical engineer from Cornell University 
in 1911. After a year as instructor in elec- 
trical engineering at Cornell University, 
Ithaca, N. Y., he became assistant pro- 
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fessor of electrical engineering at the Uni- 
versity of Oklahoma, Norman, in 1913. 
He became associate professor of electrical 


engineering in 1916, and in 1917 was made 


professor and director of the school of 
electrical engineering. During 1918-19 
he was assistant director of the United 
States Army Signal Officer’s School at 
Yale University, New Haven, Conn., and 
from 1918 to 1922 he was assistant profes- 
sor of electrical engineering, Yale Univer- 
sity, acting as senior professor and executive 
of the electrical engineering department. 
In 1922 Mr. Morrow joined the McGraw- 
Hill Publishing Company, Inc., New York, 
N. Y., as associate editor of Electrical World, 
becoming managing editor (1924) and 
editor (1928). In 1936 he resigned to be- 
come general manager, fiber products 
division, Corning (N. Y.) Glass Works, 
and in 1939 he returned to the McGraw- 
Hill Publishing Company as regional edi- 
torial director, Chicago, Ill. He is the 
author of a book on electric power stations, 
and numerous technical articles. He has 
served as chairman of the AIEE technical 
program (1923-25), and Edison Medal 
(1938-41) committees, and as chairman of 
the committees on the award of Institute 
prizes (1923-25), co-ordination of Institute 
activities (1934-37), consitution and by- 
laws (1937-39). He was serving currently 
as a member of the board of examiners and 
of the Edison Medal committee. He was 
also a member of Sigma Xi, American 
Society of Mechanical Engineers, American 
Electrochemical Society, and a grand 
counselor of Sigma Tau. 


Joseph Franklin Porter (A’87, M’87, 
F °33) chairman of the board of directors, — 
Kansas City (Mo.) Power and Light Com- 
pany, died on November 7, 1942. He was 
born on June 27, 1863, in Harrison County, 
Iowa, and was graduated from Iowa State 
College in 1884 with the degree of bachelor 
of civil engineering. He began his career 
in electrical engineering in 1885 with the 
Des Moines (Iowa) Edison Light Com- 
pany, and worked briefly in various capaci- 
ties for the Appleton (Wis.) Edison Light 
Company, the Western Edison Light Com- 
pany, Chicago, Ill., and the Abilene (Tex.) 
Water and Light Company. In 1887 he 
joined the Western Electric Construction 
Company, St. Louis, Mo., as foreman, and 
later in the same year established his own 
business as construction contractor. In 
1889 he sold out to Edison United Manu- 
facturing Company, New York, N. Y., 
and joined that company’s New York 
office, remaining until 1891. From 1891 to 
1892 he was associated in street railway 
supply and electrical equipment business 
in New York, N. Y., and in Pittsburgh, Pa., 
and in 1892, with J. G. White, he undertook 
a contract for the equipment of the Kansas 
City (Mo.) Elevated Railway Company. 
From 1893 to 1906 he was president of the 
Alton (Ill.) Railway, Gas, and Electric 
Company, and from 1906 to 1917 he was 
president of the Tri-Cities Railway and 
Light Company, of Davenport, Rock 
Island, and Moline, Ill. He served concur- 
rently as chairman of the executive com- 
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mittee of United Light and Railways and 
president of the Cedar Rapids and Marion 
(Iowa) City Railway Company from 1912 
to 1915, and was appointed president of 
the Kansas City Power and Light Com- 
pany in 1917. He became chairman of 
the board of directors in 1939. He was a 
member of Tau Beta Pi and the American 
Society of Mechanical Engineers. 


Frederick Walter Hadley (A’96, M01) 
retired safety director, Georgia Power Com- 
pany, Atlanta, died on June 7, 1942. He 
was born on July 13, 1871, in Winterset, 
Iowa, and was graduated from Massa- 
chusetts Institute of Technology in 1893 
with the degree of electrical engineer. He 
immediately entered the employ of West- 
inghouse Electric and Manufacturing Com- 
pany, East Pittsburgh, Pa., in general shop 
work and electrical testing, and in 1895 
he was transferred to the design of electrical 
apparatus. He was associated with the 
West End Street Railway Power Plants, 
Boston, Mass., from 1896 to 1898, and in 
the latter year he entered the employ of 
Westinghouse Church Kerr and Company, 
Engineers, Boston, Mass., first as draftsman 
on plans for mechanical equipment and 
later as inspecting engineer on the erection 
and installation of electrical equipment 
for the South Union Station terminal, 
Boston, Mass. In 1899 he entered the 
employ of the Boston (Mass.) Terminal 
Company as assistant superintendent of 
the steam power plant, becoming superin- 
tendent in 1900. He returned to Westing- 
house Church Kerr and Company, Engi- 
neers, in 1901, working in their New York 
office from 1901 to 1904. From 1904 to 
1912 he was superintendent of the hydro- 
electric plant, Atlanta (Ga.) Water and 
Electric Company, and from 1912 to 1927 
was superintendent of the hydroelectric 
plants, Georgia Railway and Power Com- 
pany. In 1928 he was appointed to the 
safety and welfare department, Georgia 
Power Company, Atlanta, as safety direc- 
tor, a position he held until his retirement 
tot USE, 


Herbert Benjamin Coho (A’94) pro- 
prietor, Coho Chemical Company, New 
York, N. Y., died on May 19, 1942. He 
was born on August 21, 1869, in Ashland, 
Pa., and began his engineering career in 
1890 as a member of the Edison student 
course, Schenectady, N. Y. From 1891 
to 1892 he was successively in charge of 
the company’s Sprague tests and in service 
in the armature department and wiring 
tests. He became associated with the 
Wardell Engineering Company, Bridge- 
port, Conn., from 1893 to 1895, assisting 
in the installation of copper-zine storage- 
battery systems. In 1895 he established 
the H. B. Coho Company, and until 1909 
independently installed electrical plants 
in New York, N. Y. He also constructed 
a water-power development in Sullivan 
County, N. Y., during this period. From 
1909 to 1915 he served as research engineer 
and assistant secretary for the United Lead 
Company, becoming, in the latter year, 
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personnel director of the United States 
Cartridge Company, Lowell, Mass. Dur- 
ing World War I he served in the United 
States Quartermaster Corps. In 1919 he 
became secretary of the New York Lumber 
Trade Association, remaining in this capac- 
ity and secretary of the New York Lumber 
Trade Association Club until 1932. In 
1933 he founded the Coho Chemical Com- 
pany, New York, N. Y., and was head of 
the company until his death. 


Nelson Jarvis Darling (M ’34) manager of 
the West Lynn and River Works, General 
Electric Company, Lynn, Mass., died 
October 26, 1942. He was born on August 
7, 1884, in Toronto, Ont., and was gradu- 
ated from Cornell University in 1907 with 
the degree of mechanical and electrical 
engineer. From 1907 to 1909 he was 
associated with the General Electric Com- 
pany, Schenectady, N. Y., as student engi- 
neer in the test course, and in the latter 
year spent six months in the Panama Canal 
Zone on loan to the Dodge and Day Com- 
pany, to assist in the installation of elec- 
trical apparatus. He returned to the 
General Electric Company to serve in the 
railroad engineering department at Sche- 
nectady from 1909 until 1915, when he was 
placed in charge of the mechanical and 
electrical engineering work at the General 
Electric plant at Erie, Pa. In 1918 he was 
made assistant works manager at Erie, Pa., 
and in 1922 he was appointed manager of 
the River Works, West Lynn, Mass. In 
1935 he was named manager of the West 
Lynn Works in addition. During World 


' War I he was engaged in the designing of 


machines for the manufacture of turbines 
and projectiles. He was a member of the 
AIEE committee on education from 1926 
to 1928. 


Jobn Harcourt Williams (M’13) deputy 
chief electrical engineer, Manchester Cor- 
poration Electricity Department, England, 
died in July 1942. He was born on 
November 21, 1876, in Croydon, England, 
and received his technical education at the 
City and Guilds College, London, and as 
a student engineer from 1897 to 1899 with 
Messrs. Maudsley, Sons and Field, Marine 
Engineers, Lambeth, London. In 1900 he 
began a 30-year affiliation with the British 
‘Thomson-Houston Company, Ltd., Rugby, 
London, serving on the company’s outside 
construction staff in Hull, Huddersfield, 
and Nottingham, until 1912. In that year 
he was appointed to the London staff, where 
he remained in charge of all construction 
work for the British Thomson-Houston 
Company in the London district until 1920. 
In 1920 he was transferred to Manchester 
as district manager of the North-West 
England district, and in 1930 he left the 
company to become deputy chief engineer 
to the Manchester Corporation Electricity 
Department. This position he held until 
his death in July, only three months before 
he was to have retired. He was also a 
member of the Institution of Electrical 
Engineers and the Institution of Civil 
Engineers, England. 
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Frank Eugene Danford (A ’37) engineer- 
ing department, General Electric Com- 
pany, Schenectady, N. Y., died October 
11, 1942. He was born on January 13, 
1916, in Hutchinson, Kansas, and was 
graduated from Kansas State College in 
1936 with the degree of bachelor of science 
in electrical engineering. He immediately 
entered the employ of the Kansas Power 
and Light Company, Hutchinson, as 
meter tester in the service engineering de- 
partment. In 1937 he joined General Elec- 
tric Company, Erie, Pa., as student engi- 
neer in the testing department. After a 
brief period in the Erie Works he was 
transferred to the engineering department 
of General Electric in Schenectady, N. Y., 
where he remained until his death. He 
had served for several years on the execu- 
tive committee of the AIEE Schenectady 
Section. 


MEMBERSHIP ee 


Recommended for Transfer 


The board of examiners, at its meeting on Novem- 
ber 19, 1942, recommended the following members 
for transfer to the grade of membership indicated. 
Any objection to these transfers should be filed at 
once with the national secretary. . 


To Grade of Fellow 


Battey, W. R., chief electrical engineer, Basic Mag- 
nesium, Inc., Las Vegas, Nev. 

Forman, A. H., professor and head of department of 
electrical engineering, West Virginia University, 
Morgantown, W. Va. 

Lindvall, F. C., professor of electrical engineering, 
erm Institute of Technology, Pasadena, 

alif. 

Morrison, J. W., vice-president and chief engineer, 


Roce Telephone Corporation, Rochester, 


4 to grade of Fellow 


To Grade of Member 


Ahlquist, R. W., teaching, Iowa State College, Ames, 
Iowa. 

Amador, F. J., electrical engineer, The Panama 
Canal, Diablo Heights, Canal Zone. 

Anderson, H. L., engineer, Commonwealth and 
Southern Corporation, Jackson, Mich. 

Archer, L. B., assistant professor of electrical engi- 
neering, University of Illinois, Urbana, Ill. 

Blakely, R. T. C., assistant engineer, International 
Business Machines Corporation, New York. 

Burns, L. L., engineer, Southwestern Bell Telephone 
Company, Dallas, Texas. 

Campbell, G. H., sales engineer, General Electric 
Company, New York. 

Hegensick, district sales and service engineer, The 
Pyle National Company, St. Paul, Minn. 

Hanstein, H. B., teaching electrical engineering, 
College of the City of New York, New York. 

Harrap, G. V., technical assistant, West Ham Cor- 
poration, London, England. 

Hiegel, A. J., design engineer, General Electric Com- 
pany, Fort Wayne, Ind. 

Holladay, C. H., treasurer, Los Angeles Railway Cor- 
poration, Los Angeles, Calif. 

Mathis, J. D., Southwestern Bell Telephone Com- 
pany, Dallas, Texas. 

Milligan, L. S., assistant electrical engineer, George 
G. Sharp, New York. 

Parker, W. A., lieutenant, United States Navy, Gal- 
veston, Texas. 

Quistorff, W. W., assistant superintendent of dis- 
tribution, Puget Sound Power and Light Com- 
pany, Renton, Wash. 

Raddin, E. H., chief engineer, Champion Lam 
Works, Lynn, Mass. i " p 

Ratz, E. G., electrical engineer, Canadian Westing- 
house Company, Hamilton, Ont., Canada. 

Reich, H. J., professor of electrical engineering, Uni- 
versity of Illinois, Urbana, Ill. 

Thoms, E. G., plant extension engineer, Indiana Bell 
Telephone Company, Indianapolis, Ind. 


20 to grade of Member 
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a 
Fe . ° ° € . 
\pplications for Election 
_ Applications have been received at headquarters 
from the following candidates for election to member- 
ship in the Institute. Names of applicants in the 
United States and Canada are arranged by geo- 
ee cn District. If the applicant has applied for 
ct admission to a grade higher than Associate, the 
grade follows immediately after the name. Any 
member objecting to the election of any of these 
candidates should so inform the national secretary 
before December 31, 1942, or Februa 28, 1943, if 


the apchcenh resides outside of the United States or 


United States and Canada 


1. NortH Eastern 


Erben, H. V. (Member), General Electric Company, 
ars eaves 
Fogarty, J. B., United States Torpedo Station, New- 


. 


port, R. I. 
Brick, J. C., Jr., General Electric Company, Lynn, 


ass. 

Kelley, J. B., General Electric Company, Schenec- 
tady, N. Y. 

MacCrehan, W. A., Jr., General Electric Company, 
Lynn, Mass. : 

Nelson, P. H., University of Connecticut, Storrs, Conn, 

_ Ruggles, J. S., New York Power and Light Corpora- 
tion, Troy, N. Y. 

Schlotterbeck, R. S., General Electric Company, 
West Lynn, Mass. 

peed L. A., General Electric Company, Lynn, 


ass. 

Stroberg, E. A. (Member), Stone and Webster Engi- 
neerin; ration, Boston, Mass. 

sey eg . C., Photoswitch Incorporated, Lawrence, 


——— 


ass. 
Tracy, C. A., Westcott and Mapes, Incorporated, 
New Haven, Conn. 
Vindsberg, S. B., Stone and Webster Engineering 
Corporation, Boston, Mass. 


a Mupte EASTERN 


Akers, M. K. (Member), George Washington Uni- 
sont, Washington, D. C. 

Bean, T. H., Leeds and Northrup Company, Phila- 
delphia, Pa. 

Brennan, F. E., Consolidated Gas and Electric Com- 
pany, Baltimore, Md. 

Sree, J. O., Bell Telephone Company, Ardmore, 

a 


Danser, J. W., United States Naval Academy, 
Annapolis, Md. 

Crevensten, H. A., Baltimore Transit Company, 
Baltimore, Md. 

Tor W. E., Line Material Company, Zanesville, 

hio. 

Gard, J. D., Westinghouse Electric and Manufactur- 
ing Company, kL. Pittsburgh, Pa. 

Gilley, J. L., Eos inated Gas and Electric Light and 
we Company, Baltimore, Md. 

Hartley, R. A., Westinghouse Electric and Manu- 
facturing Company, E. Pittsburgh, Pa. 

Hawkeswood, A. E., British Admiralty Delegation, 
Washington, D. C. 

Hecklinger, R. S., Consolidated Gas and Electric 
Company, Baltimore, Md. 

Horstman, W. F., General Electric Company, York, 
Pa. 

Hudak, J. L., Ohio Injector Company, Wadsworth, 
Ohio 


Klein, G. (es Baltimore Transit Company, Baltimore, 
Md 


Marsh, R. A., New York Shipbuilding Corporation, 
Camden, N. J. 
Mayer, W. S., yo United States Signal Corps, 
Philadelphia Signal Depot, Philadelphia, Pa. 
Moses, G. L. (Associate re-election), Westinghouse 
Electric and Manufacturing Company, E. Pitts- 
burgh, Pa. 

Oughton, J. R., III, Line Material Company, Zanes- 
ville, Ohio. 

Payne, J. F., Jr., Leeds and Northrup Company, 

Philadelphia, Pa. 

Ripley, C. ge (Associate re-election), 3030 Euclid 
Avenue, Cleveland, Ohio. 

Smith, W. L., The Electric Controller and Manu- 
facturing Company, Cleveland, Ohio. 

Soebbing, T. J., Philadelphia Signal Corps, Procure- 
ment District, Philadelphia, Pa. 

Tankovich, J. G. (Associate re-election), Line Mate- 
rial Company, Zanesville, Ohio. 

Towhey, H. va Westinghouse Electric and Manu- 
facturing Company, Philadelphia, Pa. 

Triche, R. P., Westinghouse Electric and Manufac- 
turing Company, Sharon, Pa. 

Vandeventer, D., leeds and Northrup Company, 
Philadelphia, Pa. ? : : 

Von Alven, W. H., Capitol Radio Engineering Insti- 
tute, Washington, D. C. 

Wadlow, F. T. (Member), Prack and Prack and Ches- 
ter Engineers, Pittsburgh, Pa. 

Weinfield, B. S., General Electric Company, Phila- 
delphia, Pa. f 

Woodward, L. H. L., New York Shipbuilding Cor- 
poration, Camden, N. J } 

Zwelling, M. I., Line Material Company, Zanesville, 
Ohio. 
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3. New York Crry 


Adashko, J. G. (Memb Gi 
"Ne “3 oe oN mber), Gielow, Incorporated, 
cken, BE. D., R.G\A. © icati 

seit, en we ee aantcations, Incorpo- 

Blomberg, K. HH. (Member), Ericsson Telephone Sales 
Se ee New York, N, Y. 

Carver, J. V., Jersey Central Power and Light Com- 
pany, Morristown, N. J. 

Coe; W. H., Eclipse-Pioneer Division Bendix Aviation 
Corporation, Bendix, N. J. 

De - R., Eclipse Aviation Division, Bendix, 


De Marrais, R. J. (Member), Wright Aeronautical 

ee “elie Cane abe ee ae 

naldson, W. H. ndix Aviation Corporati 

Pe Py NST em Sine 

insiedler, C, S., K. W. Battery Company, Incor- 

porated, Brooklyn, N. Y. : eth 

Flagg, 1 Bal (Member), General Cable Corporation, 

erth Amboy, N., J. 

Fort, A. C., Jersey Central Power and Light Com- 

: pany, Morristown, N. J. 

Haines, W, T., Bell Telephone Laboratories, Incor- 

rated, New York, N. Xs 

Harris, J. R., Bell Telephone Laboratories, Incor- 
porated, New York, N. Xs 

Heggy, J. M. (Member), Westinghouse Electric and 

Aanufacturing Company, Newark, N. J. 

Hunter, W. (Member), Ebasco Services Incorporated, 

j New York, N. Y, 

orgensen, H., Postal Telegraph-Cable Compan 
New York, N. Y. cae eh 

Kiimalehto, E., New York Telephone Company, 
New York, N. Y. 

Kirk, D. (Member), The J. G. White Engineering 

ration, New York, N. Y. 

Kirkpatrick, W. T., Kingston-Conley Electric Com- 
pany, North Plainfield, N. J. 

McAvoy, F. E., General Bronze Corporation, Long 
Island City, N. Y. 

Miller, R. F., Gielow, Incorporated, New York, N. Y. 

Nilan, J. J., Sr., Consolidated Telegraph and Elec- 
trical Subway Company, New York, N. Y. 

Plotkin, J. (Associate re-election), Burns and Roe, In- 

rated, New York, N. Y. 

St. Andre, J. W. (Member), Wright Aeronautical, 
Plant #7, Paterson, N. J. 

Schaefer, J. A., General Electric Company, Bloom- 


field, mt J: 
Straussman, A. D., Long Island Lighting Company, 
Mineola, N. Y. 


Van Auken, O. W., Jersey Central Power and Light 
Company, Mormstown, N. J. 

Van Hamel, T. A. (Member), The J. G. White Engi- 
neering Corporation, New York, N. Y. 

Weiss, L., Federal Telephone and Radio Manufac- 
turing Corporation, East Newark, N. J. 

Welter, F. J., Consolidated Edison Company of New 
York Incorporated, East River Station, New 
York, N. Y. 

Wendt, R. L., Sperry Gyroscope Company, Brooklyn, 
NG Ye 


4. SouTHERN 


Blumburg, A. O., Alabama Dry Dock and Shipbuild- 
ing Company, Mobile, Ala. 

Crisman, J. A., Westinghouse Electric and Manu- 
facturing Company, Memphis, Tenn, 

Drawe, W. J., Jr., New Orleans Public Service In- 
corporated, New Orleans, La. 

Gwinner, H. A., American Telephone and Telegraph 
Company, Birmingham, Ala. 

Hayes, A. C., Tampa Electric Company, Tampa, Fla. 

Humbert, W. F. (Associate re-election), Marshall 
Field and Company, Spray, No. Car. 

Kammer, K. P., New Orleans Public Service Incor- 

rated, New Orleans, La. 

Kittrell, L. W., Southwestern Gas and Electric Com- 
pany, Shreveport, La. 

Levy, M. L. (Member), Higgins Industries, Incor- 
porated, New Orleans, La. 

O’Clare, A. R. (Associate re-election), Miami School 
of Aeronautics, Miami, Fla. 

Partain, W. L., Fraser-Brace Engineering Company, 
Incorporated, Hogansville, Ga. ; 

Trouard, S. E. (Member), New Orleans Public 
Service Incorporated, New Orleans, La. f 

Wallisch, C. J. (Member), Tennessee Valley Authority, 
Knoxville, Tenn. 


5. Great LAKES 


Barnes, H. O., Sangamo Electric Company, Spring- 
field, Ill. ? 

Burnett, J. E., Westinghouse Electric and Manu- 
facturing Company, Detroit, Mich. ; 

Dumont, D. P. (Member), Indiana General Service 
Company, Marion, Ind. 

Eckel, A., McGraw-Hill Publishing Company, In- 
corporated, Chicago, Ill. 

Foscue, E. S., General Electric Company, Ft. Wayne, 


Ind. 

Foster, S. L., Allis-Chalmers Manufacturing Com- 
pany, Milwaukee, Wis. 

Iglehart, M. M. (Member), Cutler-Hammer, Incor- 
porated, Milwaukee, Wis. ; ‘ 

Jacobs, H. S., Harnischfeger Corporation, Milwaukee, 
Wis. 

Kasak, A. J. 
Bend, Ind. ? ‘ 

Kober, C. F., Defoe Shipbuilding Company, Bay City, 
Mich. 


(Member), Bendix Aviation, South 


Institute Activities 


Kuzela, J. F., Jr., Line Material Company, South 
_. Milwaukee, Wis, 

Lithgow, E., Square D Company, Milwaukee, Wis. 

Martin, J. S. (Member), Sangamo Electric Company, 
Springfield, Il. 

Osborn, M. W.,, Allis-Chalmers Manufacturing Gom- 
‘pany, Milwaukee, Wis. 

Patti, F. D., The Austin Company, Midland, Mich. 

Rook, W. E., American Telephone and Telegraph 
Gonpany, CAE aga Tl. 

Schaefer, M. W., Allis-Chalmers Manufacturing Com- 
pany, West Allis, Wis. 

Slaybaugh, E. O. (Member), Consumers Power Com- 

_ pany, Battle Creek, Mich. 

Swinehart, M. R., Cutler-Hammer, Incorporated, 
Wilwaukee, Wis. 

Tucker, J. G. (Member), Commonwealth Edison 
Company, Chicago, Il. 

Vogel, R., Square D sarap ipaith Milwaukee, Wis. 

Wrentmore, L. L., Westinghouse Electric and Manu- 
facturing Company, Chicago, Ill. 


6. Norru CentRAL 


Pollock, P. R., Allis-Chalmers Manufacturing Com- 
pany, Denver, Colo. 


7. Sourn Wesr 

Acosta, R., Rural Electrification Administration, St. 
Louis, Mo. 

Auten, R. S., Signal Corps, United States Army, 
San Antonio, Texas. 

Bary J: S., I. A. Bennett and Company, St. Louis, 


oO. 

Brandt, W. T., Sr., Pennsylvania Shipyards, Incor- 
porated, Beaumont, Tex. 

Carpenter, H. E., Oklahoma Gas and Electric Com- 
pany, Oklahoma City, Okla. 

Cerna, H., Rural Electrification Administration, St. 


Louis, Mo. 
SoEek R. A., Universi y of Oklahoma, Norman, 
kla, 
Del Ponte, F., Rural Elec rification Administration, 
St. Louis, Mo. 


Freebersyser, R. W., Westing house Electric and Manu- 
facturing Company, St. Louis, Miss. ‘ 

cae L. H., Jr. (Member), Gamp Electric Company, 

t. Louis, Mo. 

Gil, M., Rural Electrification Administration, St. 
Louis, Mo. 

Grace, W. J. (Member), 7 Branard Court North, 
Wilshire Village, Houston, Tex. 

Harmon, R. C., U. S. Signal Corps, University of 
Kansas, Lawrence, Kan. 

Ladd, R., Rural Electrification Administration, St. 
Louis, Mo. 

Rigby, W. S., Wagner Electric Corporation, St. Louis, 
Mo. 


Rivas, J., Rural Electrification Administration, St. 
Louis, Mo. 

Romero, F., Rural Electrification Administration, 

t. Louis, Mo. 

Schroeder, F. W., Sr. (Member), West Texas Utilities 
Company, Abilene, Tex. 

Stueve, W. H. (Member), Oklahoma Gas and Electric 
Company, Oklahoma City, Okla. 

Williams, H. J., Missouri Electric Power Company, 
Marshfield, Mo. 


8. Paciric 


Crosby, R. E., Bethlehem Steel Company, San Fran- 
cisco, Calif. 

Hendrickson, J. A., Pacific Electric Manufacturing 
Corporation, San Francisco, Calif. 

Hong, K. S., Moore Dry Dock Company, Oakland, 
Calif. 

Koller, R., Pacific Electric Manufacturing Corpora- 
tion, San Francisco, Calif. 

Meigs, J. R., University of Southern California, Los 
Angeles, Calif. 

Rose, E. A., 1686 Scenic Avenue, Berkeley, Calif. 

Williams, P. H., 2736 Center Street, Bakersfield, 
Calif. 


9. Norru West 
Flechsig, A. J. (Member), The Austin Company, 
Naval Air Station, Sand Point, Seattle, Wash. 
McLean, K. J., General Electric Company, Seattle, 

Wash. 
Stroman, R. E., Mountain States Telephone and Tele- 
graph Company, Fort Peck, Mont. 


10. CANADA 

MacKay, T. A., Hamilton Hydro-Electric System, 
Hamilton, Ont., Canada. 

Squire, E. T., Canadian (British Columbia) Telephone 
and Supplies Limited, Vancouver, B. C., Canada. 

Townson, é H., Railway and Power Engineering 
Corporation, Toronto, Ont. 


Total, United States and Canada, 145 


Elsewhere 


Cook, J. E. (Associate re-election), Cia Colombiana 
de Electricidad, Aptdo. Aereo 532, Santa Marta, 
Colombia, S. A. 

Dreher, C. E., Westinghouse Electric Company of 
Brazil, Rio de Janeiro, Brazil, S. A. 

Hournon, B. A., Westinghouse Electric International 
Company, Buenos Aires, Argentina, S.A. _ 
Loewel, R. M., Cia Argentina de Electricidad, 

Buenos Aires, Argentina, S. A. 


Total, elsewhere, 4 
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OF CURRENT INTEREST 


War Problems Discussed at 
Tenth Annual Meeting of ECPD 


War problems and the effects of the war 
on the work of the Engineers’ Council for 
Professional Development held the spot- 
light at the tenth annual meeting of the 
Council held in New York, N. Y., October 
18, 1942. Among important actions taken 
were the adoption of a plan of operation 
for carrying out ECPD functions locally, 
proposed by AIEE representative J. F. 
Fairman (F’25), vice-president, Consoli- 
dated Edison Company of New York 
(N. Y.), Inc., and outlined previously at 
the AIEE 1942 summer convention con- 
ference of officers, delegates, and members 
held in Chicago, III., in June 1942. 

Canons of ethics for engineers, prepared 
by a special committee on principles of 
engineering ethics, were approved by the 
ECPD for submission to the boards of 
directors of the constituent societies for 
consideration and comment. It was an- 
nounced also that a series of resolutions 
pertaining to the war man-power problem 
had been adopted by the ECPD executive 
committee at its meeting of September 20, 
1942 (EE, November ’42, pp. 583-4). 

A new special ECPD committee on 
unionization of engineers was authorized to 
study the union problem as it relates to 
engineers and report at a future meeting. 
Upon recommendation by the committee 
on professional training, the publication of 
a “Manual for Junior Engineers,’ which 
has been under preparation during the 
past year by that committee, was author- 
ized. Also reports were presented by a 
representative of each of the eight con- 
stituent societies of ECPD. 

On recommendation of the committee on 
engineering schools, ECPD accreditation 
of curricula was granted as follows: 


University of Notre Dame: aeronautical, civil, elec- 
trical, mechanical, and metallurgical engineering. 


University of Toledo: course in general engineering. 
Bucknell University: chemical engineering. 


Catholic University of America: 
neering. 


mechanical engi- 


Cooper Union Night School of Engineering: chemical 
engineering. 


University of Florida: chemical engineering. 
Georgia School of Technology: ceramic engineering. 
University of Idaho: geological engineering. 
University of Maryland: chemical engineering. 
Northeastern University; chemical engineering. 
Oregon State College: chemical engineering. 


Texas Agricultural and Mechanical College: aero- 
nautical engineering. 


University of Southern California: civil, electrical, 
and mechanical engineering. 


Worcester Polytechnic Institute: chemical engineer- 
ing. 
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A total of 577 engineering curricula in 
131 colleges and universities in the United 
States have been accredited by ECPD 
through the committee’s inspection pro- 
gram during the last decade. Only degree- 
granting colleges are eligible/ to be 
accredited by ECPD. ! 


LOCAL ACTIVITIES TO DEVELOP ECPD AIMS 


The plan, promulgated by J. F. Fairmian, 
for carrying out locally the purposes of 
ECPD provides for the establishment of 
programs in local sections or chapters of 
constituent societies to bring about an 
understanding of ECPD objectives and an 
active interest in them (EE, August ’42, pp. 
419-271). Although many have thought 
that ECPD’s most significant accomplish- 
ment has been its accrediting work, the 
organization has other aims, no less sig- 
nificant, toward which its work must be 
shaped—selection and guidance, profes- 
sional training, and professional recogni- 
tion. 

It is suggested that local sections or 
chapters of member societies might best 
become active in promoting work on selec- 
tion and guidance patterned along the 
lines of procedures already developed in 
certain metropolitan areas in connection 
with the work of the ECPD committee on 
student guidance. This committee en- 
deavors to develop means for the educa- 
tional and vocational orientation of young 
men as to the responsibilities of the engi- 
neer and opportunities in engineering, in 
order that only those who have the high- 
quality aptitude and capacity required of 
engineers seek to enter the profession. 
Co-operation with local high schools in 
conducting vocational counseling work 
with prospective students and in planning 
programs to stimulate interest of parents 
and students in engineering is urged. 

In enlarging the scope of work in pro- 
fessional training aimed at assisting young 
graduates to become oriented and active 
in their own professional development, a 
manual designed for the guidance of the 
young engineer during his formal educa- 
tional period and during the ensuing 
apprenticeship is now in progress. The 
ECPD committee on professional training 
also has arranged to make engineering 
periodicals available to members of con- 
stituent societies who are in the Armed 
Services by having the publications sent 
to regularly established libraries (EE, July 
42, p. 359). 

Attempts to encourage co-operation of 
local engineering groups with one another 
and with high-school and college officials 
in this program are emphasized inasmuch 
as ECPD itself is not organized to enter the 
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local field. However, committees of ECPD 
will give assistance by answering questions, 
by supplying information as to the experi- 
ences of other local groups, and by making 
suggestions based on their observations. 


Officers and Committees 
ECPD officers elected for 1942-43 are: 


R. E. Doherty, president of Carnegie Institute of 
Technology, Pittsburgh, Pa., chairman (re-election); 
S. D. Kirkpatrick, editor, Chemical and Metallurgical 
Engineering, New York, N. Y., vice-chairmag;’ A. B. 
Parsons, secretary, American Institute of Mining and 
Metallurgical Engineers, secretary; S. L. Tyler, secre- 
tary, American Institute of Chemical Engineers, New 
York, N. Y., assistant secretary. 


Members of the executive committee are: 


R. E. Doherty, chairman ex officio; S. D. Kirkpatrick, 
vice-chairman ex officio; W. B. Plank, professor of 
mining, Lafayette College, Easton, Pa., AIME; J. F. 
Fairman, assistant vice-president, Consolidated Edison 
Company of New York (N. Y.), Inc., AIEE; A. R. 
Stevenson, Jr., staff assistant to vice-president in 
charge of engineering, General Electric Company, 
Schenectady, N. Y., ASME; B. F. Dodge, professor 
and chairman of department of chemical engineering, 
Yale University, New Haven, Conn., AIChE; C. C. 
Williams, president, Lehigh University, Bethlehem, 
Pa., SPEE; J. B. Challies, vice-president and execu- 
tive engineer, Shawinigan Water and Power Com- 
pany, Montreal, Que., EIC; ASCE and NCSBEE to 
be announced. 


The following representatives of ECPD 
member societies were announced for the 
1942-45 term: 


Reappointments—G. W. Burpee, consulting engineer, 
Coverdale and Colpitts, New York, N. Y., ASCE; 
R. L. Sackett, dean emeritus of engineering, Penn- 
sylvania State College, ASME; O. W. Eshbach, dean 
Northwestern Technological Institute, Northwestern 
University, Evanston, Ill., AIEE; C. M. A. Stine, 
vice-president, E. I. duPont deNemours and Com- 
pany, Wilmington, Del., AIChE; Arthur Surveyer, 
consulting engineer, Montreal, Que., EIC. 


New appointments—A. F. Greaves-Walker, professor 
of ceramic engineering, North Carolina State College 
of Agriculture and Engineering, Raleigh, AIME; 
D. B. Prentice, president, Rose Polytechnic Institute, 
Terre Haute, Ind., SPEE. 


Newly elected committee chairmen for 
1942-43 are: 


Committee on student selection and guidance, A. R. 
Cullimore, president, Newark (N. J.) College of 
Engineering. 


Committee on information, E. H. Robie, editor, 
American Institute of Mining and Metallurgical 
Engineers. 


The following committee chairmen were 
re-elected for the coming year: 


Committee on engineering schools, D. B. Frentice, 
president, Rose Polytechnic Institute, Terre Haute, 
Ind. 


Committee on professional training, E. S. Lee, engi- 
neer, general engineering laboratory, General Electric 
Company, Schenectady, N. Y. 


Committee on professional recognition, C. F. Scott, 
professor emeritus of electrical engineering, Yale 
University, New Haven, Conn. 


Report of Chairman Doherty 


“During the current year ECPD has not 
escaped the pressures of war, and the 


ELECTRICAL ENGINEERING 


ne 


prospects are that it will feel them still 
_ more,” began Chairmen Robert. E. Do- 
herty in his annual report to ECPD. 
“However,” he continued, “the work of 
the Council has gone forward with thought- 
ful and, I hope, wise adaptation to the war 
pressures. Despite the outlook imme- 
diately after Pearl Harbor that ECPD 
would probably be obliged to curtail 
greatly its several activities, the actual trend 
has been the opposite.” 

Concerning future activities of ECPD, 
Chairman Doherty expressed the view that 
“the Council should take an aggressive 
position. It should pursue at an acceler- 
ated rate every activity within its charter 
that gives promise of supporting the war 
effort or that would lay foundations of pro- 
fessional development that may now appear 
to be essential for the most effective service 
to the country by engineers and the engi- 
neering profession in peace-time reconstruc- 
tion. And as I now briefly scan the several 
areas of the ECPD landscape I shall com- 
ment specifically where I think especial 
emphasis should be laid, and this procedure 
will indicate more definitely the policy I 
would recommend. 

“In the first place I wish to say a word 
concerning the question raised by the 
following action of the executive committee 
at its June 8, 1942, meeting: 

VOTED that it is the consensus of the executive 
committee that publicity and other activities of ECPD 
be directed toward the professional development of 
the individual engineer for a greater effectiveness in 


dealing with social and economic problems, as well 
as with technical problems. 


““Singularly enough the original purpose 
of this vote was to expand, not contract, the 
scope of activity to include professional de- 
velopment in social and economic, as well 
as in technical problems. This enlarged 
scope is authorized specifically in the 
charter. Discussion of the matter at the 
meeting brought out the consensus that in 
carrying out the enlarged purpose, activi- 
ties should be directed toward the profes- 
sional development of the individual 
SSE eae 

Referring to earlier years, and discussing 
methods by which ECPD might reach the 
individual, Chairman Doherty said in part: 
‘There are two general purposes which I 
would recall. Two years ago it seemed 
clear that one of the ways in which ECPD 
could best promote professional develop- 
ment was to cultivate more fully among the 
constituent bodies an attitude of co-opera- 
tion and an improved practical facility in 
taking joint action. There was of course no 
thought of joint action on matters outside 
the scope of ECPD, or even on untimely 
matters within the scope. Simply, co- 
operation in ECPD matters would pre- 
sumably make it easier to co-operate in 
others. If so, an advance would be made 
in professional development. While there 
is here no dramatic advance to report, I am 
certainly not discouraged with the progress 
and wish to emphasize that, in my opinion, 
this end is no less important today than it 
was two years ago. 

“The other purpose was an educational 
campaign. The objectives of ECPD could 
never be achieved if the members of the 


DECEMBER 1942 


Council, or perhaps even only the members 
of the executive committee, knew what 
ECPD was and what it was trying to do, 
Individual engineers must know and be in- 
terested in these activities. Hence every 
effort was to be made to inform the indi- 
viduals among the boards of direction and 
the memberships of the several constituent 
bodies—indeed all engineers—of the pur- 
poses and activities of ECPD and to en- 
courage them to have an active interest. 
As you all probably know, substantial prog- 
ress has been made in this connection, and 
here also I urge that the matter is no less 
important than it was two years ago. 

“Machinery for reaching the individuals 
was missing, but this has been planned. 
Indeed its essential elements already existed; 
it needed only to be defined and put in 
motion. As to reaching the individual 
members of the boards of direction, the 
three representatives of each of the several 
constituent bodies were the potential, but 
inactive, liaison between the Council and 
the board members. This liaison has be- 
gun to be effective, and the reports of these 
delegations at the annual meeting repre- 
sent the two-way flow of this plan. And, 
needless to say, the secretaries of the con- 
stituent bodies are most helpful in keeping 
this part of the machinery oiled. 

“The problem of reaching individual 
engineers generally is somewhat more com- 
plicated. Fortunately, however, in this 
case also, most of the main elements of 
necessary machinery are in existence. The 
channels of flow from the Council to such 
individuals are the national organizations 
of the constituent bodies. In all major 
cities and industrial centers there are local 
branches or sections of the national organi- 
zations; and on the campuses of most engi- 
neering schools there are student branches, 
and on some of them, branches of the 
Society for the Promotion of Engineering 
Education also. There should of course be 
SPEE branches on all such campuses and 
a move to this end should be encouraged. 
It remains to organize at such centers 
where the organizations do not already 
exist joint groups in which activities relating 
to professional development can be cen- 
tered, and which, through local branches 
or sections, can be in communication with 
ECPD through the national organizations. 
Such a plan, it seems, is essential to the 
Council’s work, and Mr. Fairman and the 
chairman have undertaken the formulation 
of a detailed proposed plan. Here again, I 
would add, the sympathetic help of the 
several secretaries is absolutely essential.” 

Chairman Doherty concluded his report 
with a discussion of the financial situation 
of ECPD, which he characterized as 
sound, and the work of the ECPD standing 
committees. Excerpts from the reports of 
these four committees follow. 


ECPD Committee Reports 


STUDENT SELECTION AND GUIDANCE 


A summary of ten years’ work by the 
committee on student selection and guid- 
ance was presented by R. L. Sackett, dean 
emeritus of engineering, The Pennsylvania 
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State College, State College. Dean Sackett 


‘retired from the chairmanship of this com- 


mittee after having served for the entire 
ten-year period since ECPD was first 
organized, “A review of the reports sub- 
mitted by this committee reveals that three 
fields of action have been attempted,” Dean 
Sackett reported. ‘The first was explora- 
tion. We found education and psychology 
could give little light on the aptitudes which 
differentiated the engineer. The commit- 
tee gave the co-operative test service exami- 
nations in mathematics and English to 
nearly 2,000 entering freshmen engineers. 
The ‘conclusion that mathematics was one 
criterion of engineering ability, was clear. 
The English test showed a lower correlation 
but when analyzed into its parts of spelling, 
vocabulary, and usage, it was observed that 
usage of words was a better criterion than 
the result of the entire test.” 

Calling ‘“‘guidance by engineers’? the 
second effort of the committee, Dean 
Sackett outlined the early efforts in that 
direction and discussed the organization of 
advisory committees of engineers. ‘‘Such 
committees have been organized through 
the interest of individuals in city and state 
engineering societies and by appeal to 
local sections of national engineering socie- 
ties,” the report stated. ‘“‘Whenever the 
need is impressed on local sections the 
response has been excellent but the most 
significant promotional work remains to be 
done with the local sections.’’ The report 
also reviewed results achieved by advisory 
committees in various localities, and called 
attention to the “‘Manual for Committees 
or Engineers Who Aid Young Men Inter- 
ested in Engineering Education and the 
Engineering Profession,’ which had been 
produced in printed form during the past 
year. 

‘The third enterprise and an important 
one,” the report continued, ‘depended on 
the interest of President A. R. Cullimore 
of the Newark (N. J.) College of Engineer- 
ing [and newly appointed chairman of the 
committee on student selection and guid- 
ance] in the objectives of this committee. 
Through him Doctor Russell S. Bartlett was 
loaned to the committee, and a correspond- 
ing committee of the SPEE, to carry on a 
study of tests and especially to apply a 
battery of tests designed to show whether 
the engineer was different or just run of 
mine in his interests and aptitudes. Dr. 
Bartlett was familiar with the extended 
psychological studies made under the 
direction of Dr. A. B. Crawford at Yale 
University for mental differences between 
arts, science, and engineering students. 

‘Arrangements were made to give such 
a battery to arts and engineering freshmen 
at the opening of institutions in the fall of 
1941. The following participated: The 
Universities of Florida, Missouri, Tennes- 
see, Texas, Northwestern University, and 
Pasadena Junior College. A set of six 
tests was administered to about 2,000 en- 
tering freshmen in arts and engineering. 

‘The results are embodied in a report to 
be published in the Journal of Engineering 
Education at an early date. It is too long 
to do more than summarize it here. The 
results indicate that differences are ex- 
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posed by such tests. In general the engi- 
neering student who rates high in mathe- 
matics, spatial visualization, and mechani- 
cal aptitudes is a good prospect for engi- 
neering or science education. His scores 
may not be as high in verbal comprehen- 
sion, artificial language, or verbal reason- 
ing as the typical arts student who will 
normally stand lower in mathematics, 
spatial relations, and mechanical aptitude. 
As a matter of fact, the graphs or profiles of 
achievement in such a battery range all 
the way from those few students who make 
high scores in all subjects down to those 
who do so poorly in all six subjects that 
they indicate poor preparation for any of 
the usual academic fields. 

‘“‘A slightly modified battery of tests of 
the same general content was given to 
about 1,000 high-school juniors resident in 
or near Newark, N. J. Of the results 
Doctor Bartlett says, ‘Evidence that the 
tests are measures of aptitude is found in 
the comparable range of scores of the two 
groups, college and high school, in most 
cases two years apart in academic age.’ 

“Tf supported by further experiments, 
and the study should be continued, the 
report sets a definite milepost of advance in 
test programs. We have no evidence of a 
corresponding differential study having 
been made heretofore. It is significant as 
an achievement and would justify the 
efforts of the committee to make a contri- 
bution to the selection and guidance of 
engineering students.”’ 


ENGINEERING SCHOOLS 


In the report of the ECPD committee on 
engineering schools, D. B. Prentice, presi- 
dent, Rose Polytechnic Institute, Terre 
Haute, Ind., chairman, reviewed the work 
of the committee during the past year and 
outlined the basic policies of the com- 
mittee’s accrediting program. ‘During 
the current year,” the report stated, ‘‘visits 
were made to 8 institutions for the purpose 
of reinspecting 35 curricula on the ac- 
credited list, to 11 institutions with one or 
more accredited curricula to appraise 15 
nonaccredited curricula, and to two insti- 
tutions on the accredited list to examine 
six curricula.”’ The status of the accredit- 
ing program as of October 1942 is indi- 
cated in Tables I and II. 

The committee’s plans during the war 
period call for curtailment of the accredit- 
ing program as indicated by the following 
paragraphs: ‘‘Many members of engi- 
neering-college faculties are carrying addi- 
tional responsibilities during the war as 
consultants or teachers of Engineering, 
Science and Management Defense Train- 
ing courses. Some engineering depart- 
ments have temporarily lost important 
staff personnel to military service or re- 
search. Preparation for an inspection or 
reinspection by a delegatory committee of 
the committee on engineering schools is an 
obligation which in many instances it is 
possible and safe to postpone; also mem- 
bers of the delegatory committees often 
find it difficult to arrange for even short 
inspection trips. 

“For the above reason the committee on 
engineering schools proposes to defer many 
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Table I. Status of the Accrediting 
Program by Curricula 


As of October 18, 1942, Not Including Options 
Under Accredited Curricula 


Curricula Totals 
Fully accredited oo... cm cleinesimalels tgs ve" 01° 495 
Provisionally accredited............++-+eeeeees 74 
Not accredited iiije. os. «veils since vieise elm olalem'p 103 
Action pending sj... +: + smal + stele lel¢ oirie eleie allele 9 
EL otalitgn vente oerthemere tetas acetntete a itereists olehek= a 681 


of the visits to institutions for the examina- 
tion of curricula which would normally be 
conducted during the next year. The exist- 
ing accreditations, pending reinspections, 
will be continued. Exceptions to this plan 
will be made in cases which seem to 
regional chairmen to need attention or 
when postponement of an inspection would 
be unjust to a college. 

‘The curtailment of the inspection pro- 
gram notwithstanding, the committee on 
engineering schools feels that strict atten- 
tion should be given during the war years 
to the end that college educational stand- 
ards are not allowed to slip or facilities 
run down. 

‘There are an ever increasing number of 
war measures that bring external pressure 
to bear on now war-tensed engineering 
faculties and student bodies. The expe- 
dited programs, the raids on faculties and 
student bodies, and the ESMDT are per- 
haps the most apparent. The committee 
believes that although it is too early to 
draw any definite conclusions, the situation 
merits continued attention and data should 
be accumulated to determine what action 
can be recommended in the future. 

“One of the major problems of the war 
effort centers around the proper technical 
training for war production positions. The 
committee proposes that wherever in criti- 
cal areas the War Manpower Commission 
or the Selective Service System requests its 
aid in determining the appropriateness of 
certain training programs as being ‘training 
for essential industries’ and therefore justi- 
fying military deferment, this committee is 
willing to assist through the formation of 
area or regional engineering war man- 
power committees.” 


PROFESSIONAL TRAINING 


“The abilities during the past few years 
of the ECPD committee on professional 
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training have been applied to surveying 
the present opportunities for the profes- 
sional training of the younger engineers,” 
stated the report of this committee. Ever- 
ett S. Lee (F ’30), engineer, general engi- 
neering laboratory, General Electric Com- 
pany, Schenectady, N. Y., is chairman of 
the main committee, and John T. Sherman, 
American Cyanamid Company, New York, 
N. Y., is chairman of the junior committee. 
The preparation of a ‘Manual for Junior 
Engineers’ was reported to be the com- 
mittee’s principal activity during the past 
year. Progress on this project is indicated 
in the following paragraphs from the report. 

“The recommendations of the committee 
on professional training last year stressed 
the desirability of a close co-ordination 
between the agencies involved in the pro- 
fessional training of the younger engineer. 
To this end the desirability of a ‘Manual 
for Junior Engineers’ has been suggested, 
and the start of the work involved in the 
writing of such a manual has been the 
major activity of the committee for this 
past year. 

“In the past the generally basic thought 
has been that when the engineering student 
graduates he leaves school and goes into 
active practice, which is largely in industry, 
in teaching, or in other varied forms. 

“The manual would rather progress the 
thought that in the undergraduate course 
the student is building a foundation for his 
later professional life to include both his 
technical and his social contributions, and 
thus he should undertake to lay out a 
program for himself to insure progressive 
improvement in a well-rounded life. 

“To be successful this thought must be 
basic on the part of the student, on the part 
of industry, and on the part of the engi- 
neering schools—on the student that he 
recognize it and pursue it; on industry 
that the young engineer is made conscious 
of an interest in him by what he finds there; 
and on the schools that they plant the seed 
in the undergraduate days and inspire and 
provide for a continuance of opportunity 
for advancement in both specific and 
general knowledge. The student would 
thus be graduated with thoughts of con- 
tinued self-improvement, and wherever he 
went, he would find a proper climate in 
which to raise the planted seed. 

“The ‘Manual for Junior Engineers’ 
would bring to all an understanding of this 
mutually accepted thought—to the stu- 
dent, to industry, to the engineering 
schools—and would provide a_ tangible 
means for progressing it.” 


Status of the Accrediting Program by Institutions 
As of October 18, 1942 


Approximate number of engineering degree-granting institutions in the, United States....... ala} eleibie sisieiciaieie 167 

Institutions}inspected (notincluding reinspections))aqcsebrieeeeeecin es cee eee een nee 143 

Institutions having onejor more curricula accredited... <0 seein ee 132 

Institutions inspected but having no curricula accredited............cecececcceccccecccecce 9 

Institutions reinspected but having no curricula accredited............-cccccsceccee endpon9 7 
otalnumberjofinstitutions acted Upons serene eerie ieee teal eee 143 

Institutions applying: but inspection| deferred a aepiies scene eee eee eee 5 

Institutions/that have motiapplied -icmisietayeist tie stele onstatereiore vere etate reciente ere enene nen 19 
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‘f _ Regarding the effect of the war on the 
-committee’s activities, the report con- 


cluded: “The war has naturally prevented 
the normal amount of time being given to 
the work of the committee. Several of the 
members have entered into the Service. 
But on the part of those remaining, there is 
the definite conviction that helpful service 
may be rendered in the future by such 
application as is possible towards the attain- 
ment of our stated objectives, and thus, all 
possible application is being made. The 
writing of the ‘Manual for Junior Engi- 
neers’ will not be an easy task, but such 
assembling of a proper statement for 
guidance of the junior engineer and his 
associates should be worth many times the 
effort.” 


PROFESSIONAL RECOGNITION 


Early ambitions of the ECPD committee 
on professional recognition, of which 
Charles F. Scott (HM?’29), professor 
of electrical engineering emeritus, Yale 
University, New Haven, Conn., is chairman 
were reviewed in the annual report of that 
committee. The report continued with a 
review of the collapse of the early program 
and of the committee’s fresh start in 1938. 
Principal activities reported for the year 
1941-42 center around means for actually 
making students aware of their profession. 
The means pursued during the year com- 
prised the publication and dissemination 
of an address by William E. Wickenden, 
president, Case School of Applied Science, 
Cleveland, Ohio, entitled “The Second 
Mile.” Doctor Wickenden’s address was 
delivered originally at a meeting of the 
Engineering Institute of Canada and was 
subsequently published in slightly revised 
form in Electrical Engineering (May ’42, pp. 
242-7) and in other society publications. 
Under sponsorship of the ECPD committee 
on professional recognition, the address 
was reprinted from Electrical Engineering, 
and the committee reported that more than 
10,000 copies had been sold between April 
15 and September 15, 1942. 

“The address is not a handbook,” the 
report stated; ‘‘It has no prescription for 
raising salaries; it deals with ideals; it 
starts off with a text like a sermon; it is a 
sermon, in applying a great truth to present- 
day life; it makes ‘motivation of the indi- 
vidual’ the true basis of professional life.” 

The report states that the committee’s 
job now is ‘‘to drive in the wedge so well 
started; to promote understanding of the 
Wickenden address as indicating ways ‘in 
which the professional stature of the engi- 
neer may be developed, and engineering in 
its broadest sense may be advanced.’ ” 


ECPD Dinner Meeting 


The dinner meeting held in connection 
with the ECPD annual meeting was at- 
tended by 33 officers, committee members, 
and representatives of the constituent 
societies. Colonel C. E. Davies, secretary, 
American Society of Mechanical Engineers, 
now serving with the Ordnance Depart- 
ment, Washington, D. C., acted as toast- 
master. Speakers of the evening included 
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chairmen and members of ECPD’s com- 
mittees, who spoke on the work of the 
respective committees; L. Austin Wright, 
general secretary, The Engineering Insti- 
tute of Canada, and deputy director of 
Canadian Selective Service; Webster N. 
Jones, chairman of a committee to deter- 
mine the manner in which the office of 
technical development should be set up 
within the War Production Board; and 
others. 

In his preliminary remarks, Colonel 
Davies declared that we have not even 
started to establish engineering as a pro- 
fession, so far as the public is concerned. 
He emphasized the importance of co- 
operative action by the various engineering 
groups in working toward this end, and 
pointed to the possibilities of co-operative 
action in this direction through ECPD. 
He declared that ECPD must increase the 
rate of growth of quality of engineering in 
order that the quality of engineering as a 
profession may be raised. 

Speaking for the committee on profes- 
sional recognition, C. F. Scott, chairman, 
characterized certification as the first step 
for young men entering the profession 
toward recognition as engineers. This, of 
course, requires adequate preparation. In 
striving for higher professional standards, 
engineers should work toward greater effi- 
ciency in handling technical problems, and 
then apply their talents to economic and 
social aspects of engineering problems. 
Doctor Scott outlined the history of the 
ECPD recognition program and discussed 
the activities of the committee for the past 
year. Inconclusion, Doctor Scott said that 
engineering is like the church: It has many 
branches just as the church has many de- 
nominations, but the spirit of engineering is 
common to all branches. In this connec- 
tion he compared ECPD to the Federal 
Council of Churches and pointed to similar 
opportunities for co-operative work. 

Chairman D. C, Jackson of the com- 
mittee on principles of engineering ethics, 
briefly reviewed the work of his committee. 
He first referred to the problems encoun- 
tered in early efforts of the AIEE to formu- 
late and adopt a code of ethics and related 
some of the early difficulties in bringing 
together the widely divergent views on the 
subject. Doctor Jackson stated that the same 
types of difficulties were encountered while 
working up the code that the committee 
prepared during the past year. He de- 
clared that such a code is of first importance 
in establishing the engineering profession in 
the minds of the public, stating emphati- 
cally that we must have ‘‘canons of ethics” 
before we can expect the public to recog- 
nize engineering as a profession. 

Speaking for the committee on profes- 
sional training, S. B. Kirkpatrick, member 
of that committee, first pointed out that the 
young engineer’s growth levels off during 
the first few years after graduation from 
college and that professional training is 
needed most during these years. He re- 
viewed briefly the accomplishments of the 
committee under previous chairmen, Gen- 
eral R. I. Rees and O. W. Eshbach (F ’37). 
He emphasized the necessity for the work 
of the committee to be carried on down 
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below the “brass hat” level in order to be 
most effective. He expressed the opinion 
that the ‘Manual for Junior Engineers” 
now under preparation by the committee 
would prove to be of great assistance in 
this effort. 

Three stages in the work of the commit- 
tee on engineering schools were discussed 
by D. B. Prentice, chairman. ‘The first 
stage comprised preparation of criteria to 
form the basis of the curricula accrediting 
program that has been the committee’s 
principal accomplishment; this program 
then was carried out on a trial basis in the 
New England territory. The second stage 
comprised the extension of accrediting 
activities from the New England area to 
the remainder of the United States. In 
discussing this stage of the committee’s 
work, Mr, Prentice outlined the procedure 
followed and emphasized the importance 
of accrediting by individual curricula. 
Having established standards for accredit- 
ing, Chairman Prentice discussed briefly 
the third state of the committee’s work— 
the maintenance of those standards. He 
emphasized the importance of this stage, 
upon which the committee is just entering, 
and also the difficulties that may be en- 
countered under wartime conditions. 

Progress made by the committee on 
student selection and guidance during the 
ten years of ECPD’s existence was reviewed 
by retiring chairman R. L. Sackett. He 
contrasted the early indifference of the 
engineering profession to selection and 
guidance work to the strong support that 
the program now enjoys. Originally, 
there seemed to be a feeling of satisfaction 
in allowing graduates of secondary schools 
to enter engineering colleges, leaving to 
the colleges the necessary “‘weeding out” 
process. ‘There is now recognition of the 
fact that this is undesirable from two points 
of view: It is discouraging to the students 
who prove to be misfits in engineering 
colleges and must undergo the stigma of 
failure in that endeavor; and it imposes an 
unnecessary and undesirable burden on 
the engineering colleges by causing them to. 
spend time training students who later 
prove to be misfits. Dean Sackett then 
reviewed briefly the experience of the com- 
mittee with aptitude tests and pointed to 
the favorable results obtained during recent 
years. 


TRIBUTE TO DEAN SACKETT 


At the conclusion of Dean Sackett’s re- 
marks, Editor George A. Stetson of the 
American Society of Mechanical Engineers 
read a prepared tribute to Dean Sackett in 
recognition of his ten years’ chairmanship 
of the ECPD committee on student selec- 
tion and guidance. A portion of Mr. 
Stetson’s statement follows: : 

“Tong years of service in the field of 
engineering education have matured his 
wisdom and judgment. Experience with 
several generations of youth, with prac- 
ticing engineers, and with the men and 
women of this nation has been his in rich 
measure. Some inner quality of alertness 
to men and events has kept his mind youth- 
ful and his vision clear. Although justified 
by years and the value of his accomplish- 
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ments in enjoying the leisure that the vigor 
of his health would make a pleasure rather 
than a burden, he has preferred to pioneer 
in the field of selection and guidance of 
young engineers, and has devoted his time 
and energy to a new and important aspect 
of engineering education upon which the 
quality of future generations of engineers 
will indubitably depend. To the profes- 
sional social scientist and the pedagogical 
psychologist he is a layman; but those who 
have known him and worked with him 
recognize that new ideas in any field 
coalesce into the substance of practicability 
when exposed to the influence of his 
maturity and experience. 

“Dean Sackett, it is my privilege to 
extend to you on behalf of this group of 
your friends and fellow workers their con- 
gratulations and their tribute to you for 
your services in the field of engineering 
education and particularly for your ten 
years of leadership in developing the tech- 
‘niques of selection and guidance of engi- 
neering students. As your studies bear 
fruit in application in education and engi- 
neering, more and better leaders will be 
developed and a larger and more intelligent 
group of young men will rally to wise 
leadership. You cannot pass on to them 
your maturity and experience, but, when 
peace returns, following your example and 
aided by the influences you have set in 
motion, they will be able to distinguish 
between true leadership and false, bring 
education to serve the liberties and well- 
being of mankind, and build a nobler pro- 
fession that will be the master and not the 
victim of applied science through a wise 
use of maturity and experience.” 


SELECTIVE SERVICE IN CANADA 


A bird’s-eye view of how the Canadian 
Selective Service system handles technical 
personnel was presented by L. Austin 
Wright, deputy director of the Canadian 
Selective Service. He described the War- 
time Bureau of Technical Personnel estab- 
lished by the Canadian Institute of Chem- 


ists, the Canadian Institute of Mining and 
Metallurgy, and the Engineering Institute 
of Canada: The Bureau is operated as a 
unit of Selective Service system and is sup- 
ported by the Canadian Government. 

Mr. Wright reported that about 25,000 
engineers and scientists had been regis- 
tered, which represents from 80 to 90 per 
cent of the total of such men in Canada. 
Pointing out that Canada has established 
complete allocation of all man power, he 
said that no engineer can seek employment 
without first informing the Bureau of 
Technical Personnel. Likewise, no em- 
ployer can hire an engineer without the 
permission of the Bureau. Employers are 
required to hold jobs open for employees at 
the close of the war, whenever the Bureau 
places an employee in a different job. 

Canadian students in engineering and 
technical courses are allowed to complete 
their courses in a normal manner (Canada 
has not yet established accelerated courses), 
but students granted that privilege must 
make themselves available for employment 
by the armed services after graduation. 
One failure in any scholastic subject can- 
cels the privilege to complete his course 
and makes him immediately available for 
service. Regarding postgraduate work, 
Mr. Wright said that no engineering post- 
graduate work is being allowed during the 
remainder of the war, except in special 
cases. 

Under the Canadian complete-allocation 
plan, high-school students will be con- 
scripted as necessary for the technical 
colleges in order to assure an adequate 
supply of technically trained men. Under 
this plan, high-school students would com- 
plete their courses after which they would 
be placed in technical colleges for regular 
collegiate training. Upon graduation, such 
men would be allocated between industry 
and the armed services to meet current 
requirements. Mr. Wright mentioned also 
that all women in Canada have been regis- 
tered and many are being placed in indus- 
trial work and other positions. 


WPB Announces Controlled-Materials Plan 
for War and Civilian Production 


A long-range plan for controlling the 
flow of critical materials into war produc- 
tion—the Controlled Materials Plan—was 
announced November 2, 1942, by Donald 
M. Nelson, chairman of the War Produc- 
tion Board. 

Evolved from existing distribution sys- 
tems and from experience gained through 
their operation, the CMP has the approval 
of all governmental agencies participating 
in it. It was drafted after lengthy con- 
ferences with the Army, Navy, Maritime 
Commission and the WPB office of civilian 
supply as well as representative consumers 
and producers of materials. 


TO SUPPLY MATERIALS WHEN NEEDED 


The main purpose of the plan is to make 
certain that production schedules are ad- 


630 


justed within material supply so that pro- 
duction requirements are met. This will 
be accomplished by: 


1. Adjusting requirements for critical materials to 
the supply. 


2. Making the quantity and type of materials needed 
available at the time required to meet approved pro- 
grams, 


Allotments of critical materials will be 
made through seven claimant agencies, 
such as Army, Navy, office of civilian sup- 
ply, and so forth, to prime contractors pro- 
ducing essential goods. Prime contractors, 
in turn, will divide the allotments with their 
subcontractors and suppliers. 

Carbon and alloy steel, copper, and 
aluminum—the three most basic and 
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critical materials—are the first controlled 
materials to be directly allotted under the 
plan, which becomes effective, in its transi- 
tory stage, in the second quarter of 1943 
and will be in full operation by July 1. 


VERTICAL ALLOTMENT 


This method of distributing materials is, 
in effect, “vertical allotment.” So far as 
the CMP is concerned, it will gradually 
replace the present priority system, includ- 
ing the Production Requirements Plan, 
which is on a horizontal basis. 

Under PRP each firm, large or small, 
prime contractor or subcontractor, sub- 
mits his own requirements to the WPB for 
approval, and receives an individual au- 
thorization to obtain materials. 

Under the new CMP, prime contractors 
will prepare and submit a breakdown of 
all materials required for the approved end 
products on which they are working. The 
breakdown will comprise a bill of materials 
specifying not only what materials are re- 
quired, but when they must be received to 
carry out the authorized program. 


CLAIMANT AGENCIES 


The claimant agencies are: Army, 
Navy, Maritime Commission, the aircraft 
scheduling unit, Lend-Lease, Board of 
Economic Warfare, and office of civilian 
supply. 

Each claimant agency will break down 
its submission of requirements into ma- 


terials for: 1. production; 2. construc- 
tion and facilities; 3. maintenance, re- 
pair, and operating supplies. Require- 


ments for construction and facilities, in- 
cluding industrial machinery and equip- 
ment, will be channeled through the con- 
struction and facilities branch of the office 
of program determination. 

When requirements have been brought 
into balance with supply and the program 
of the various claimant agencies are ap- 
proved, the WPB vice-chairman on pro- 
gram determination—wno also is chairman 
of the requirements committee—will allo- 
cate with the advice of the requirements 
committee, authorized quantities of the 
three controlled materials to each. 

The claimant agencies, in turn, will 
distribute these broad allotments among 
prime contractors by means of allotment 
numbers, which will constitute a right to 
receive delivery. The prime contractors 
will pass on the allotment numbers as 
necessary to their subcontractors and sup- 
pliers. 


HOW THE PLAN WORKS 


Materials other than controlled materials 
will continue to be distributed through the 
priorities system. Each company receiving 
an allotment number carrying an allocation 
of controlled materials also will receive a 
preference rating for use in obtaining other 
materials. A preference rating accom- 
panied by an allotment number will be 
higher than other ratings of the same cate- 
gory, but will not take precedence over 
higher ratings. For example, AA-3, plus 
an allotment number, is higher than 44-3, 
without the number, but not as high as 
AA-2X. The preference ratings also will 


ELECTRICAL ENGINEERING 


ok Pre ee 

e conflicts which might otherwise 

in the production and delivery of 

nanufactured items. 
_ In order that sufficient amounts of ma- 
terials in the form desired may be avail- 
able, responsibility for directing the pro- 
duction of controlled materials rests in the 
controlled materials branches of the WPB. 
For instance, the iron and steel branch is 
responsible for steel, and the copper branch 
for copper. Production Directives, speci- 
fying the quantities and forms and shapes 
of material to be produced during a stated 
period of time, will be sent to most pro- 
ducers of controlled materials monthly. If 
orders beyond a specified capacity to pro- 
duce are received, a producer must refuse 
them and notify the appropriate controlled- 
materials branch. If a consumer with an 
allotment number cannot place his order 
satisfactorily, he should appeal to and will 
be assisted by the branch. 

As CMP goes into effect, the job of cut- 
ting out all nonessential production, mili- 
tary and otherwise, will be completed. 
Under CMP, each claimant agency will 
program the quantities of end products— 
guns, planes, Liberty ships, railroad cars, 
bedsprings, and so forth—most urgently 
needed for each quarterly period. From the 
bills of materials for each of these items the 
agency will make up a consolidated estimate 
of its total requirements. These detailed 
estimates for the second quarter of 1943 
must be submitted by January 1, 1943. 
At the same time, similar estimates must 
be submitted for the remaining quarter of 
1943 and the first quarter of 1944, together 
with general estimates for the first half of 
1944, so that the requirements committee 
will have at all times a general picture of 
requirements, eighteen months in advance. 


WAR ORDERS GIVEN PREFERENCE 


When the allotments are made by the re- 
quirements committee, they will be trans- 
mitted to prime contractors through the 
claimant agencies. Manufacturers working 
on items such as tanks, ships, or aircraft, 
which generally are contracted for by or 
through a claimant agency, and are called 
“Class A’? products—will receive their 
allotment with an allotment number 
directly from the agency. Producers of a 
list of ‘Class B’’ products, such as genera- 
tors, hardware, kitchenware, electrical ap- 
pliances, parts frequently incorporated in 
other products, and civilian items generally, 
will receive their allotments from their 
WPB industry branches, which in turn will 
receive allotments through the Office of 
Civilian Supply. 


OVERALLOTMENT 


Each claimant agency may allot for each 
month up to 105 per cent of its monthly 
allotment. This over allotment is in- 
tended to stimulate increased production 
from producers of controlled materials. 
Claimant agencies also are authorized to 
make allotments for future quarters on the 
basis of declining percentages of allot- 
ments established for the current quarter. 
These percentages are: 


For the quarter immediately following the one for 
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which a definite allotment has been made, 80 per cent; 
for the next following quarter, 60 per cent; for all 
later quarters, 40 per cent. 


The plan will be flexible enough to per- 
mit limited amounts of material to be 
given out without allotment numbers. 
Special provision, for instance, is made for 
allotments of controlled materials to ware- 
houses so that they may handle small orders 
without allotment numbers. 

A new form of inventory control is to 
be established with the requirement that 
every primary or secondary producer 


_ whose inventory of all controlled materials 


is in excess of a specified amount must sub- 
mit an inventory statement showing his 
position at the end of each calendar quar- 
ter not more than 15 days later. 


TRANSITION PERIOD PROVIDED 


A timetable for the transition from exist- 
ing systems to full operation of the CMP 
is provided. The first bills of materials 
will be assembled by the claimant agencies 
during November and December 1942 and 
on January 1, 1943, the agencies will sub- 
mit their first estimate of requirements to 
the branches handling controlled materials, 
with copies to the requirements committee. 


By January 15, 1943, the controlled ma- — 


terials branches will have analyzed the 
requirements and made preliminary recon- 
ciliation to the extent possible between 
requirements and supply. At the same time, 
the claimant agencies and prime consumers 
will be developing information necessary 
in making final allotments, to be in readi- 
ness for distribution of allotments to them 
by the requirements committee. 

On February 1, 1943, the requirements 
committee will make allotments of con- 
trolled materials to claimant agencies for 
the second quarter of 1943. During Feb- 


ruary and early March, 1943, distribution 
of allotments will be made by claimant 
agencies to prime consumers, who in turn 
will divide their allotments with their 
secondary consumers and suppliers. 


By March 15, 1943, users of controlled 
materials will have placed authorized orders 
for April delivery and for later months, as 
authorized, Subsequently the controlled 
materials branches will watch placement of 
orders on mills and mills’ shipments, and 
give assistance in placing orders to author- 
ized users of controlled materials who are 
unable to obtain mill acceptance of auth- 
orized orders. 


On July 1, 1943 CMP will be in full opera- 
tion. Until that time existing procedures, 
including preference rating orders and PRP 
certificates and individual material alloca- 
tions under M orders will continue in ef- 
fect for consumers who have not been able 
to qualify under CMP. 

Those remote secondary consumers who 
have not obtained their allotments under 
CMP in time to meet requirements for the 
second quarter of 1943 will be authorized 
to continue purchases under PRP equal to 
their first quarter authorizations, 

To prevent duplication each company 
operating under PRP will be required to 
cancel authorizations made under PRP 
in equal amount for CMP allotments and 
the total authorizations outstanding at any 
time will not be permitted to exceed avail- 
able supply. Orders bearing CMP 
allotment numbers will be given preference 
at mills over PRP orders and other rated 
orders not under CMP. 

Official copies of a pamphlet outlining 
the new Controlled Materials Plan are 
being made available for free and general 
distribution from WPB field offices. 


War Department Merges Specialist Corps 


and Army Officer Procurement System 


As already announced in the news 
press, the Army Specialist Corps will be 
discontinued December 31, 1942, by direc- 
tion of Secretary of War Henry L. Stim- 
son. As previously reported in Electrical 
Engineering (EE, Aug. 42, pp. 440-2; Sept. 
42, p. 490) the Specialist Corps was 
brought into being during the spring 
months of 1942 for the purpose of obtaining 
from civil life especially qualified technical 
and professional men for duties with the 
Army where military training and experi- 
ence are not essential. The procurement 
functions and basic policies of the Corps 


‘are being absorbed by a new War Depart- 


ment agency which has been designated as 
the Officer Procurement Service; this new 
agency also is taking over from the office 
of the Adjutant General essentially all 
officer-procurement functions. ‘Thus, the 
OPS will provide a single consolidated 
channel for officer-procurement for all 
branches of the Army. 

In general, the requirements for the 
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commissioning of Army officers, including 
technical and other specialists, have been 
tightened materially. To be eligible for 
consideration now, a candidate must be 
at least 35 years old and in Selective Service 
class III-A, III-B, or certain restricted 
categories of [V-F, and must have “civilian 
training and experience for the particular 
position beyond that normally provided at 
Officer-Candidate Schools.” Exception 
to these rules is allowable ‘‘only where 
there is critical need for the services of a 
particular individual or where the indi- 
vidual is within a ‘scarce category’ of 
specialized skill in which not enough trained 
men to fill the requirements of the armed 
forces are available at the time required.” 
Airplane pilots, radio mechanics, and elec- 
tronics specialists are typical of the “scarce 
categories” referred to. 

Contrary to widespread misconception, 
the Army Specialist Corps was not a sepa- 
rate functioning unit of the Army like the 
Engineer Corps or the Medical Corps. 
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The: ASC of itself was only a procurement 
service. It could not select and appoint 
qualified specialists and then assign them 
to appropriate jobs in the Army structure. 
The ASC could act to procure the services 
of a qualified candidate only upon the 
specific request of one of the branches or 
services of the Army. Further, the candi- 
date, upon appointment as an ASC officer 
became a member not of the ASC, but of 
the requesting agency. The only func- 
tioning members of ASC, as such, were the 
headquarters-staff personnel in Washing- 
ton, D. C., and in the 35 field offices that 
had been established in collaboration with 
the Officer Procurement Branch of the 
Adjutant General’s office. These field 
offices are in process of translation into 
field offices of OPS. 

Subject to the. recommendations of the 
commanding officers of the Army branches 
to which individual ASC appointees have 
been assigned, subject to a review of the 
candidate’s physical-examination report by 
a member of the Surgeon General’s staff, 
and subject to the final and determining 
action of the Secretary of War’s Personnel 
Board, each such ASC appointee will be 
tendered a commission in the Army of the 
United States, if the appointee filed a 
request for such commission no later than 
December 1. All appointees from whom 
requests for AUS commission were not 
received by OPS by December 1, 1942, 
will be given an honorable discharge as of 
December 31, 1942. In similar fashion, 
members of the ASC headquarters staff 
will be tendered commissions or discharges 
according to circumstances. The head- 
quarters staff members are subject to 
assignment to other branches of the service 
as the need for their services in head- 
quarters diminishes with the perfection of 
the consolidation. 

By order of the Secretary, ASC ap- 
pointees in service or ordered to active 
duty by October 31 are subject to the 
procedure just outlined, and are eligible 
for conversion into AUS officers “at the 
same rank or one rank lower, but in no 
case at a higher rank.” Once in the AUS, 
of course, the individual is eligible for pro- 
motion under established procedures, an 
opportunity for which he was not eligible 
as an ASC officer. 


A $5,000,000 Program to 
Curb Industrial Accidents 


Faced by mounting casualties on the 
home front already exceeding those on the 
fighting front, a program to curb the 
sabotage of manpower by accident is being 
organized by the War Production Fund to 
Conserve Manpower of National Safety 
Council. As reported previously (EE, 
May ’42, p. 333), William A. Irvin, former 
president of the United States Steel Cor- 
poration, was named chairman of the 
Fund; Thomas W. Lamont of J. P. Morgan 
and Company is treasurer. A goal of 
$5,000,000 has been agreed on, this sum 
to be raised from business and industry 
throughout the United States. 

A national committee of more than 600 
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members has been formed, with an execu- 
tive committee of 74—both made up of 
senior executives in nationally prominent 
firms. A preliminary canvass through the 
national connections of major companies 
has yielded more than a million dollars in 
cash and nearly another in oral commit- 
ments. At present regional campaigns are 
getting under way in major industrial 
centers from coast to coast. 

Many big firms have contributed heavily 
to the War Production Fund despite the 
fact that they already have excellent safety 
programs in effect. They are aware that 
some outside agency with specialized ex- 
perience is needed to co-ordinate safety 
off the job, where three out of five acci- 
dents affecting workers happen, and to 
furnish technical assistance in handling 
the brand new problem of safety for the 
army of women in industry and of safety 
in the homes temporarily neglected for drill 
press and assembly bench. ‘The same goes 
for accident-prevention methods to protect 
teen-age boys and older men now filling 
the shoes of men drawn into the armed 
forces. 

The National Safety Council has formu- 
lated a plan for putting the $5,000,000 to 
work. No radical departures from pre- 
vious practice are contemplated. The 
general strategy will be to speed up the 
existing program, and to get more coverage, 
more technical assistance in the field, and 
above all, more public co-operation in 
accident prevention, 


WPB Industry Branches 
Reorganized 


Reorganization of industry branches of 
the War Production Board, giving them 
greater strength, is being undertaken by 
the office of program determination under 
the direction of Ferdinand Eberstadt, vice- 
chairman of WPB, and Ernest Kanzler, 
director general for operations. One of 
the major reasons for strengthening 
branches is to enable them to handle the 
additional burdens to be placed on them 
by the new Controlled Materials Plan 
(this issue, pp. 630-1). 

To as great an extent as possible, each 
industry branch will follow a similar pat- 
tern. Many of the functions of the office 
of the director general for operations will 
be assigned to branches, making them re- 
sponsible for all operating phases such as 
the execution of programs, policies, and 
procedures established for the resources as- 
signed to branches. 

Permanent connection with industry will 
be maintained through active industry ad- 
visory committees assigned to each branch, 
Claimant agencies—Army, Navy, Mari- 
time Commission, Office of Civilian Supply, 
Lend-Lease, and so forth—will assign 
permanent representatives to each branch. 
Permanent connection with labor also will 
be maintained through representatives as- 
signed to each branch. 

Industry advisory committees assigned 
to the branch will endeavor to put upon 
industry a greater measure of responsi- 
bility for meeting war production problems. 
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They will get advice from the industry on 
methods of increasing supply where short- 
ages exist, of controlling the distribution 
resources and of eliminating nonessential 
uses of resources. Likewise, they will ob- 
tain data on available and anticipated 
supply of resources and requirements for 
civilian use and for maintenance, repair, 
and spare parts. 

Representatives of governmental claim- 
ants in the industry branch will submit 
data on requirements for resources and 
advise and assist in apportioning the 
available supply in accordance with the 
determinations of the requirements, pro- 
gram adjustment, and facilities committees. 
Claimants, in addition will assist in the 
processing of various forms controlling the 
distribution of resources. 


Canada Represented on Produc- 
tion and Resources Board 


Canada has recently been admitted as a 
member of the Combined Productions and 
Resources Board, a council maintained 
jointly along with the United States and 
Great Britain in recognition of the inter- 
locking war economies of the three na- 
tions. She is represented by the Honorable 
C. D. Howe, Canadian minister of muni- 
tions and supply, who takes his place on 
the board with Donald M. Nelson and 
Oliver Lyttelton. 

A joint war production committee of 
the United States and Canada has been 
operating for almost a year, and has 
achieved pronounced success in increasing 
war output by arranging rapid exchanges 
of supplies to avoid production delays, re- 
ducing duplications, breaking transporta- 
tion bottlenecks, eliminating tariff and 
other barriers, and revising specifications 
to increase the number of common-type 
weapons. ‘Typical of the co-operative in- 
dustrial relationship between the two 
countries is the record of 62 Liberty-type 
merchant ships built in Canada with steel 
plate made available by the United States. 

According to estimates, one-quarter of 
Canadian production is now going to fill 
United States orders, while about one-third 
of Canada’s war goods is being produced 
for Great Britain. 


Wider Distribution of War Orders 
to Small Manufacturers Planned 


Procurement officials from the United 
States Army, the United States Navy, and 
the War Production Board recently issued 
directives indicating a renewed effort to 
bring smaller war plants more effectively 
into the nation’s war-production program. 
Salient points in the memorandums issued 
by Lieutenant General Brehon B. Somer- 
vell to the chiefs of the Services of Supply 
and by Under-Secretary of the Navy James 
V. Forrestal were reiterated as follows in 
the general statement made by Lou E. 
Holland, deputy chairman of the WPB on 
Smaller War Plants and chairman of board 
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of the Smaller War Plants Corporation: 


1. The Smaller War Plants Division, basing its in- 
formation on advance requirements of suitable items 
sent out by the War Department or the Procurement 
agency, will inform these offices of sources of supply 
among the smaller plants with suitable production 
facilities to furnish necessary items by required 
delivery dates. 


2. Maximum possible subcontracting will be used in 
the production of items which, because of their com- 
plexity, must be awarded to the large organizations. 


3. The Smaller War Plants Division agrees to main- 
tain a list of small plants adaptable for the production 
of specific items, and to co-operate with the procure- 
ment agencies in the placement of prime or sub- 
contracts by proving the suitability and competence 
of ae proposed small plant and certifying as to its 
credit. 


4. The department or agency, in conjunction with 
the Smaller War Plants Division, will examine existing 
prime and subcontracts with a view to securing further 
subcontracting whenever possible, and the agencies 
will attempt to secure the agreement of the contractors 
to further subcontracting whenever practicable. 
Cancellation of orders for new machine tools and 
equipment will be made in all cases where the corre- 
sponding operations can be handled by subcontracting, 
even though it is necessary, as the result of such sub- 
contracting, to amend the contract to provide for 
increased costs because of less efficient methods of 
production. 


5. The Smaller War Plants Division will provide 
planning, engineering, and production assistance to 
small plants, so that they may execute in a proper 
and satisfactory manner any contracts undertaken. 


Foreign Patent Specifications 
to Be Available 


Drawings and specifications of foreign- 
owned patent applications seized by the 
Office of the Alien Property Custodian will 
be printed and made available to American 
industry at a nominal price, Leo T. Crow- 
ley, Alien Property Custodian, announced 
recently. These applications ordinarily 
cover latest developments in patentable 
fields and many can improve American 
processes and devices. This departure 
from the traditional secrecy with which 
patent applications heretofore have been 
cloaked, it was stated, is in accordance with 
instructions from President Roosevelt that 
the Office of Alien Property Custodian use 
all means at its disposal to put enemy- 
owned property and patents to work in 
support of the nation’s war effort. 

Publication of the printed copies of 
patent applications will begin during 
December. Applications will be listed as 
they are printed, in classified order, in the 
Official Gazette of the United States Patent 
office. Announcement of the cost of copies 
and of the method of purchase will be made 
in the same publication. Meanwhile, the 
alien property custodian will make the 
information contained in the files of these 
applications available, in so far as is prac- 
tical, to any person residing in the United 
States having a legitimate interest therein. 

Any registered patent attorney may ob- 
tain permission to inspect (and make copies 
of) the file of a vested application (other 
than an application which stands under 
secrecy order) upon filing with the patent 
prosecution section, Office of the Alien 
Property Custodian, Washington, D. C., a 
request upon a form, “petition to inspect,” 
which will be furnished upon request by 
the Custodian’s Washington, D. C., 
Chicago, Ill., or New York, N. Y., offices. 
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Air-Raid Warning Device 


Air-raid warning device developed in the carrier current laboratory of the General 
Electric Company, Schenectady, N. Y., provides audible and visible warning signals. 
It can be plugged into a house circuit and is designed for use on 720-cycle carrier- 


current systems, 


Operated by a special control board attached to the carrier- 


current transmitter at the power station, it would relieve telephone lines for other 
purposes during a raid by using existing power lines 


War Production Drive Speeding Output. 
Labor-management committees, with the 
co-operation and assistance of the War 
Production Drive Headquarters, Washing- 
ton, D. C., are conducting campaigns to 
stimulate production in American fac- 
tories, mines, collieries, railroads, mills, 
and war plants. Names of the 1,600 plants 
in the United States now having labor- 
Management committees and the com- 
mittee chairmen have been published in a 
pamphlet available from the War Produc- 
tion Drive Headquarters, Raleigh Hotel, 
Washington, D. C. Basic to the formation 
of these committees is the exchange of 
ideas between labor and management and 
the granting of awards for increased output 
(EE, September ’42, p. 492). The WPD 
headquarters has received a number of un- 
solicited reports from industries which indi- 
cate that since those plants inaugurated the 
campaign their production has increased 
35 per cent in some cases. 


Technical Books Requested 
for War Prisoners 


Requests for technical books for allied 
prisoners of war in enemy prison camps 
have recently been forwarded to AIEE 
headquarters by the War Prisoners’ Aid 
of the Young Men’s Christian Association. 
The ‘“‘Men of Science—Prisoners of War” 
Service of the YMCA War Prisoners’ Aid 
is attempting to supply the needs of pro- 
fessional men and advanced students who 
are facing perhaps many more months of 
monotony in prison camps. It is stated 
that arrangements with the censors make 
it possible to send books that were pub- 
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lished before November 1941. Books on 
the following subjects are currently re- 
quested: 


Electrical supply and installation. 
Modern power station equipment. 
Electric traction. 


Electrical engineering classified examples. 
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20 to 30 Greek books on science. 


In order to avoid possible censorship 
difficulties, please send the titles of any 
books available to R. D. Jameson, technical 
adviser, Library of Congress Annex, 
Washington, D. C. He will send instruc- 
tions about getting the books to the War 
Prisoners’ Aid. 

The War Prisoners’ Aid has already 
furnished many scientific books and reports 
the gratitude of the prisoners who receive 
them as they are thereby enabled to keep 
up with their scientific or professional work. 


Power Pool Operates in Northwest. A 
significant development in the history of 
the electric utility industry in the Pacific 
Northwest occurred recently—connection 
of all major electric systems in one power 
pool. The move substantially increases the 
area’s capacity to handle new war loads. 
The new supersystem, in which participants 
linked both their hydro and steam plants, 
increases over-all capacity by capitalizing 
on the fact that peak loads come at varying 
times and seasons in the different communi- 
ties. Interchange of power is possible even 
though there is no direct connection be- 
tween certain cities because energy is de- 
livered through the supercircuit to all 
cities connected to the loop. 
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Position to Be Filled Through 
. Civil Service Examinations 


Notice of the following position, which 
will be filled through civil service examina- 
tions, is published here as a service to 
members of the Institute. Application 
forms and full information as to require- 
ments for examinations may be obtained 
from the secretary of the Board of the 
United States Civil Service Examiners at 
any first- or second-class post office, or 
the United States Civil Service Commis- 
sion, Washington, D. C. 


Materials Inspector. $2,600 a year salary. No age 
limits. To qualify for the position, applicants should 
show appropriate experience in the inspection, or 
testing for compliance with specifications, of a wide 
variety of either electrical or mechanical equipment. 
Broad progressive mechanical or skilled production 
experience in the manufacture of mechanical or elec- 
trical equipment, or experience as journeyman ma- 
chinist, or journeyman toolmaker is acceptable. 
Applicants should be able to make written reports 
clearly and intelligently. The United States Civil 
Service Commission will continue to accept applica- 
tions until further notice. No written test is required. 
Applications are not desired from persons engaged in 
war work unless a change of position would result in 
the utilization of higher skills possessed by the worker. 


Westinghouse New District Office. 
The Westinghouse Lamp Division, West- 
inghouse Electric and Manufacturing 
Company, East Pittsburgh, Pa., recently 
replaced its branch office organization in 
Philadelphia with a complete district 
office. This new Middle Atlantic District 
is managed by Harry A. Croasdale, 
formerly assistant manager of the Middle 
Western District and at one time branch 
manager in Philadelphia. The new district 
will include seven counties in New Jersey, 
.the entire states of Delaware, Maryland, 
‘and Virginia, the District of Columbia, and 
parts of West Virginia and Pennsylvania. 


IT and T Associate Companies Merge. 
The International Telephone and Radio 
Manufacturing Corporation, and _ the 
Federal Telegraph Company, associate 
manufacturing companies in the United 
States of International Telephone and Tele- 
graph Corporation, New York, N. Y., have 
been merged to form the Federal Tele- 
phone and Radio Corporation, Newark, 
N. J. This organization is now devoted 
almost entirely to the production of com- 
‘munication and radio equipment for the 
war effort. Construction of the first 
unit of a new factory which will house the 
new corporation will start shortly. 


OTHER SOCIETIES e 


Electrochemical Society Forms New Unit. 
The corrosion division, a new unit of The 
Electrochemical Society, was formed 
October 9, 1942, at the society’s fall con- 
vention in Detroit, Ill. Growing out of 
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the interest of a large number of the mem- 
bers in corrosion, the division is aimed at 
co-ordinating these interests with organiza- 
tions and individuals already active and 
interested in this field, and will provide a 
channel for papers and symposia. Officers 
of the division for 1942-43 elected at the 
meeting are: L. G. Bogart, research and 
development laboratories, Crane Company, 
Chicago, IIl., chairman; H. H. Uhlig, 
research laboratory, General Electric Com- 
pany, Schenectady, N. Y., vice-chairman; 
and R. H. Brown, metallurgical division, 
aluminum research laboratories, Aluminum 
Company of America, New Kensington, 
Pa., secretary. _Nonmembers who are 
especially interested in corrosion work are 
invited to join The Electrochemical Society 
and to participate in the work of the cor- 
rosion division. 


ASA Issues Revised Standard. 


A newly revised standard ‘Illuminating 
Engineering Nomenclature and _ Photo- 
metric Standards” (< 7.1-1942) developed 
under the leadership of the Illuminating 
Engineering Society, has been recently pub- 
lished by the American Standards Associa- 
tion. This standard provides the practical 
language of illuminating engineering and 
photometry, and in addition, contains 
tables on relative luminosity factors; 
wave-length units; relative erythemal fac- 
tors; distribution coefficients for equal- 
energy stimulus; relative magnitudes of 
units of illumination and relative magni- 
tudes of units of brightness; a listing of 
units, symbols, and abbreviations; and 
equivalents and conversion factors. Most 
of the fundamental definitions included in 
this standard have been adopted by the 
International Commission on Illumination, 
and are included in the multilingual vocab- 
ularies compiled by that commission and 
by the International Electrotechnical Com- 
mission. 

Copies of this standard are available at 
25 cents per copy from the ASA, 29 West 
39th Street, New York, N. Y. 


Future Meetings of Other Societies 


the Advancement of 
December 30, 1942, 


American Association for 
Science. Annual meeting, 
New York, N. Y. 


American Institute of Mining and Metallurgical 
Engineers. Annual meeting, February 14-18, 1943, 
New York, N. Y. 


American Physical Society. 252d meeting (annual) 
December 28-30, 1942, New York, N. Y.; 253d 
meeting, December 29, 1942, Los Angeles, Calif. 


American Society of Civil Engineers. Annual meet- 
ing, January 20-22, 1943, New York, N. Y. 


American Standards Association. Annual meeting, 
December 11, 1942, New York, N. Y. 


Society for the Promotion of Engineering Educa- 
tion. Middle Atlantic states section winter meeting, 
December 5, 1942, New York, N. Y. 


Technical Valuation Society. Annual forum, Decem- 
ber 12, 1942, New York, N. Y. 
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AAAS Engineering Section to Meet 


Section M (engineering) of the American 
Association for the Advancement of Science 
will hold its sessions in connection with the 
1942 annual meeting of AAAS on Wed- 
nesday, December 30, at the Hotel Com- 
modore, New York, N. Y. 

The 1942 program of Section M will 
feature two important subjects in fields 
where engineering must lean heavily on 
science. At the morning session the sub- 
ject will be aeromedicine. 

The subject of the afternoon session will 
be the dehydration of foodstuffs. 

The program of the meeting: 


Wednesday, December 30 


9:00 a.m. Morning Session 


1. “The Tilting Ballistocardiograph: Apparatus for 
Recording the Thrust of the Heart,”? Robert W. Wil- 
kins, M.D., department of clinical research and 
preventive medicine, Robert Dawson Evans Memorial, 
Boston, Mass. 


2. ‘Development of Instruments for Test and Classi- 
fication of Flight Personnel,” E. Lodwig, chief engi- 
neer, and J. Zaleski, design engineer, Mobile Refrig- 
eration, Inc., New York, N. Y. 


3. “The Application of Engineering Principles to 
Clinical and Aviation Medicine,” Alvan L. Barach, 
M.D., associate professor of clinical medicine, Colum- 
bia University, New York, N. Y. 


12:00 m. Luncheon Session 


“The Romance and Engineering of Food Preserva> 
tion,” Willis R. Woolrich, dean of engineering The 
University of Texas, Austin. 


2:30 p.m. Afternoon Session 


1. “Theory of Processes,” H. J. Masson, professor of 
chemical engineering, College of Engineering, New 
York University, New York, N. Y. ' 


2. ‘Application of Theory to Manufacture,” Graham 
L. Montgomery, associate editor, Food Industries, New 
York, N. Y. 


3. “Military and Civilian Practice,’ Captain 
Robert P. Melson, Subsistence Research Lahora- 
tories, United States Quartermaster Corps, Chicago, 
Ill. 


ASA 1942 Price List Published 


The American Standards Association has 
announced the publication of its newest 
list of American Standards for 1942. 
More than 550 American Standards are 
listed, of which 71 represent new and re- 
vised standards approved since the last 
issue of the list (February 1942). These 
are marked with an asterisk. There is a 
separate section for American War Stand- 
ards, standards developed specifically for 
the war effort. Another section is devoted 
to American Safety Standards, which are 
also of great importance to the war effort 
in connection with the President’s program 
for the conservation of man-power. Other 
standards include definitions of technical 
terms, specifications for metals and other 
materials, methods of test for the finished 
product, dimensions, and so forth. They 
reach into every important engineering 
field and serve as a basis for many munici- 
pal, state, and Federal regulations. 
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each case, the standards approved by 
ASA represent general agreement on 
the part of maker, seller, and user groups 
as to the best current industrial practice. 
More than 600 organizations are taking 
part in this work. This list of American 
Standards for 1942 will be sent free of 
charge to anyone writing in for it. Re- 
quests should be addressed to the Ameri- 
can Standards Association, 29 West 39th 
Street, New York, N. Y. 


American Section of CIE Revived 


The American section of the Chinese 
Institute of Engineers, first organized in 
the United States in 1919 under the name 
of Chinese Engineering Society, has been 
reorganized. At a meeting held recently 
the following officers were elected: 


President: L. F. Chen; vice-presidents: A. T. Liu, 
P. H. Chin; executive officers: T. C. Hsiung, CG. H. 
Tang, C. H. Wang. 


Following its inception in the United 
States the society was reorganized in 
China under its present name and main- 
tained an American section. After the out- 
break of the war with Japan, many mem- 
bers in America were called to duty in 
China and consequently during the last 
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U. S. Patent System 


To the Editor: 


Lately there has arisen a new crop of 
crusaders who consciously or unconsciously 
are attempting to wreck the American 
patent system, which in the past has con- 
tributed so largely to our material progress. 
The president of the United States has 
wisely appointed a patent-planning com- 
mission of eminent men, charged with the 
duty of making a survey of the entire pat- 
ent situation and making recommenda- 
tions for the improvement of our patent 
system. But the crusaders, not willing to 
wait for the report, have introduced in 
congress a flock of bills, most of which would 
emasculate completely the patent system 
and wipe out any benefits to be derived 
therefrom by the public. 

Engineers have a vital interest in the pat- 
ent system and yet the majority are woefully 
ignorant of the contents of the proposed 
bills). Many have never troubled to apply 
engineering thinking to the garbled state- 
ments and to reports regarding the func- 
tioning of the patent system which 
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few years the American section has been 
mactive. Realizing the importance of re- 
viving its activities, the Chinese engineers 
in the United States are forming local CIE 
chapters in New York, N. Y., Washington, 
D. C., Detroit, Mich., Ithacay eNi Ya 
Boston, Mass., and on the west coast, The 
total membership of the American section 
is expected to be between 300 and 400 soon 
and is divided into the following classi- 
fications: 


Mechanical engineering, electrical engineering, civil 
engineering, chemical engineering, mining and metal- 
lurgical engineering, and aeronautical engineering, 


Besides arranging for local enginecring 
lectures and discussions and also publishing 
a bimonthly CIE News Bulletin and a CIE 
Engineering Journal, contacts have re- 
cently been established with several lead- 
ing U. S. engineering societies and insti- 
tutes with a view to exchange of publica- 
tions, to arrange for or participate in 
special lectures and, in general, to assist 
and give strength to this newly revived 
organization of Chinese engineers, the 
only one of its kind in the United States. 
In co-operation with this CIE policy, AIEE 
publications are already being exchanged 
with the CIE American section and the 
AIEE New York section plans to invite 
CIE members to its meetings. 
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expressly understood to be made by the writers. 
Publication here in no wise constitutes endorse- 
ment or recognition by the AIEE, All letters sub- 
mitted for publication should be typewritten, 
double-spaced, not carbon copies. Any illustra- 
tions should be submitted in duplicate, one copy an 
inked drawing without letter, the other lettered. 
Captions should be supplied for all illustrations. 


appeared in the newspapers. The articles 
given in the accompanying bibliography 
should be profitable reading to every engi- 
neer. 

The Engineers’ Society of Milwaukee and 
affiliated societies have felt that some posi- 
tive action should be taken to arouse the 
interest of engineers, and a special meeting 
of all technical men was held on October 
1, 1942, at which Mr. William F. Buckley, 
a Milwaukee patent attorney, spoke on the 
‘““Constitutional Right for Protection to 
Inventions”, and Mr. W. E. Crawford 
(F ’36), spoke on the ‘“‘Future of Inventions 
in Relation to Science and Engineering 
in Itséli’?* As a result of the ensuing 
discussion, a resolution was passed asking 
congress to defer any patent legislation 
until the report of the patent-planning 
Commission was obtained. 

It is the writer’s belief that it would be 
profitable for other engineering groups to 
hold similar meetings. The national engi- 
neering societies could well afford to ar- 
range for discussion of the subject at one of 


* The essential substance of this address is scheduled 
for early publication in Electrical Engineering. 
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their national meetings. The engineer, as a 
professional man, owes it to the public to 
be informed in such matters and to help 
in guiding the attention of the public to- 
wards an unbiased appraisal of the role 
which patents and inventions play in the 
social and economic structure of the United 
States, 
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The Effect of Initial Conditions on 
Subharmonic Currents 


To the Editor: 


‘The paper on ‘‘The Effect of Initial Con- 
ditions on Subharmonic Currents in a Non- 
linear Series Circuit,”’ by Stephen J. Angello 
in the AIEE Transactions, volume 61, 1942, 
September section, pages 625-7 was par- 
ticularly interesting. On the basis of a 
series of experiments, we should like to add 
to this very instructive paper the following 
information on the stability of such oscilla- 
tions. 

In a test circuit like the one used by Mr. 
Angello, which is composed of a capacitor, 
an iron-cored inductor and a small resistor, 
it is found that ‘for certain combinations of 
capacitance and rms values of impressed 
voltage, sustained subharmonic oscillations 
of several orders can be obtained. The 
order of subharmonic oscillations is defined 
by the number of complete cycles of im- 
pressed voltage during which the current 
wave completes one cycle. For a fixed in- 
ductor and a constant capacitance, there 
will be a range of voltages for which sus- 
tained subharmonics of a particular order 
can be initiated. This range is usually 
rather sharply defined. The shaded area 
of Figure 1 shows a region, within which 
subharmonic oscillations could be initiated 
and sustained. It will be noted that the 
region defining subharmonic oscillations of 
the fourth order is surrounded by a region 
of oscillations of the second order. 
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The most common subharmonic oscilla- 
tion is that of order three, and since the 
region for this order is rather large espe- 
cially for low values of resistance in the cir- 
cuit normally little trouble will be encoun- 
tered in sustaining oscillations of this order. 

There is usually some difficulty involved 
in the initiation of subharmonic oscillations 
of the second order, or of oscillations of 
higher order than three. The voltage range 
which permits the initiation of sustained 
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Figure 1. Regions of subharmonic re- 


sponse; resistance, 1.27 ohms; inductor, 
110-volt winding of a 7!/; kva, 110-220- 
volt transformer 


(a) Orders two and four (6) Order three 


oscillations of one order is rather narrow 
for the capacitor used in our experiment— 
in the neighborhood of four or five volts, 
except for a range of capacitances from 
about 550 to about 650 microfarads. This 
can be seen readily from the graph in 
Figure 1, where capacitance is plotted 
versus rms values of impressed voltage. 

Most or all of the following conditions 
must be fulfilled, if the oscillations are to 
be sustained: 


(a) The capacitor must be initially charged to a 
minimum value. 


(6) Theinitial flux linkages due to residual magnetism 
must have a definite value. 


(c) The circuit must be closed at a certain point on 
the voltage wave. 


(d) The resistance of the test circuit must not be too 
high. 


It appears reasonable that oscillations of 
this kind are difficult to sustain even if the 
above conditions are fulfilled, since the 
peak values of currents of higher order sub- 
harmonics are often extremely high, and 
poor regulation of the voltage supply causes 
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immediate changes of impressed voltage 
which in all likelihood will stop the oscil- 
lations. 

Therefore it seems permissible to con- 
clude that these oscillations of the second 
order and of orders higher than three might 
be assumed unstable, since they might per- 
sist for only a short duration and are apt 
to disappear because of the slightest dis- 
turbance of the circuit. The abnormally 
high currents associated with such sub- 
harmonic frequencies favor this “unsta- 
bility” due to line regulation. 


CHARLES F, SPITZER (Enrolled Student) 
THOMAS P. EVANS (Enrolled Student) 


(Dunham Laboratory, Yale University, New Haven, 
Conn.) 


Temperature and Electric Stress 
in Impregnated-Paper Insulation 


To the Editor: 


In the interesting paper ‘““Temperature 
and Electric Stress in Impregnated-Paper 
Insulation” by J. B. Whitehead and W. H. 
MacWilliams, published in AIEE Trans- 
actions, volume 61, January section, pages 
10-13, which owing to war conditions 
reached me only recently, power factor- 
stress curves of the characteristic shape 
given by liquids containing ions the motion 
of which is limited by solid barriers are 
obtained. 

The stress corresponding to maximum 
power factor in these curves may be used, 
in conjunction with other data, to calcu- 
late the concentration, mobility, and 
effective radius of the ions concerned— 
information which cannot so readily be 
obtained by any other method. It is 
therefore important that the factors con- 
trolling the shape of the curves should be 
correctly explained. 

Possibly owing to a need for brevity, the 
authors have given an explanation which 
is correct only in regard to the falling 
portion of the curve. Regarding the rising 
portion, they write “‘. . . increasing stress in 
the low range is accompanied by increase 
in the lengths of the excursions of the free 
ions . . . and consequently increases in 
conductivity and loss.” 

It is true that an increase in the ionic 
path proportional to increase of stress will 
result in an increase of total loss, but the 
same is not true of the conductivity, as 
distinct from the current conducted. A 
liquid in which ionic path is proportional 
to stress will possess a constant conduc- 
tivity and therefore a constant loss angle 
up to that stress at which further motion 
of the ions is impeded by some barrier. 
The cause of the observed initial increase 
in loss angle must be sought elsewhere. 

In a quantitative analysis of curves of 
this type, I have given an explanation of 
the rising portion of the curves which 
appears to check adequately with experi- 
mental data! This is based upon the 
fact that the applied stress must, during the 
greater part of each cycle, segregate the 
positive from the negative ions, and thus 
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reduce their effective rate of recombina-* 
tion. The rising part of the curve is thus - 
due to a temporary increase in the number 

of ions so long as the field is applied, and 

dependent upon the magnitude of the 

field. The numerical value of the increase 

may easily be calculated, and agrees with 

experimental results at stresses which are 

not too low. At extremely low stresses, a 

further correction must be applied due to 

the image forces upon the ions, from the 

proximity of the walls of the pores in which 

they exist. 

It is of historical interest that curves of 
this shape were reported so long ago as 
1928 and it is remarkable that their value 
as a means of research into the charac- 
teristics of ionisation in liquid dielectrics 
should have escaped notice until the 
present time.? 
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Detecting the Saboteur 
in Gasoline Fires 


To the Editor: 


The article “Detecting the Saboteur— 
Static Electricity—in Gasoline Fires’ by 
Robin Beach (EE, October ’42, pp. 501-08) 
recalled to the writer an actual happening 
that might be of interest to readers. 

Two 1,500-barrel steel tanks with about 
12-inch manholes in the center of the top 
were set near a railroad siding. These 
tanks were set on a limestone hill (typical 
in Kansas) with the upper soil removed to 
provide a flat place on which to set them. 
Crude oil was pumped into these tanks so 
that it could be loaded into tank cars for 
shipping. This crude oil was fairly high 
gravity with lots of dissolved gasses, and 
was pumped through a 4-inch pipe line 
from the oil field some ten miles away. 

The writer, being a young engineer, was 
in charge of engines and pumping equip- 
ment and had nothing to do with pipe lines 
and tanks. The line was run in the usual 
oil-field manner covered up in the ground 
for about ten miles. The end of the line 
ran up over the tanks and was supported 
by placing wood, four inches by four inches, 
on top of the tank for support (Figure 1). 
The necessary ells, valves, and so forth 
allowed the line to discharge into the tanks 
through the manholes in the tops and were 
centered in the manholes as nearly as pos- 
sible, all of which kept the well-grounded 
pipe line well insulated from the un- 
grounded tank. This made excellently de- 
signed spark plugs, since the pipe line was 
everywhere (accidentally of course) well 
insulated from the tanks and was well 
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grounded itself. The manholes were al- 
ways giving off highly inflammable gasses 
right in the manhole opening where the 
spark would occur, and with the tanks 
partly full of highly inflammable oil, con- 
ditions could not have been better for a 
static discharge between the discharge pipe 
and the edge of the manhole, whenever a 
highly charged cloud passed over just be- 
fore a rain. After or during a rain the 
tanks would be more or less grounded by 
the limestone becoming wet. 

The one in charge of construction and 
pipe-line officials for the company were 
told that a fire would be sure to burn the 
tanks up and that three feet of bonding 
wire and 30 minutes of work would prob- 
ably save them. The tanks burned. It 
was too simple to bond them. 


A. D. STODDARD (M’36) 


Haliburton Oil Well Cementing 


(Vice-president, 
Company, Duncan, Okla.) 


Electrical Heating of 
Overhead Conductors 


To the Editor: 


With regard to the electrical heating of 
overhead conductors described in the paper, 
“Sleet Problems on Electrified Railroads,” 
by H. F. Brown (AIEE Transactions, 
August section, pp. 589-93), there is quoted 
from Pender’s Handbook this formula: 


Pere 
r 

where 

T is the temperature rise in degrees centi- 
grade 

dis the diameter of the conductor in inches 

r is the resistance of the conductor in ohms 
per circular mil-foot at final temperature 

K is a constant depending upon surface 
condition of wire; whose value is (approxi- 
mately) 800 in still air and 1,000 in open 
air for solid wire; and 1,200 in open air 
for stranded conductors. 
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This shows that the heating current is 
directly proportional to the square root of 
the temperature rise, to the square root of 
the cube of the conductor diameter, and 
inversely to the square root of the resistiv- 
ity of the conducting material at the final 
temperature. 

The writer has constructed a nomogram 
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for the graphical solution of this equation 
merely by drawing three lines across the 
scales (Figure 1). These computing secants 
are numbered one, two, three, and are 
drawn in that order, each one cutting the 
three scales marked thereon at the ap- 
propriate values. The use of the chart is 
therefore self-evident. 

The computation drawn on the chart 
shows, for instance, that a solid copper con- 
ductor 1.31 inches diameter (d) at a final 
temperature of 100 degrees centigrade, be- 
ing a rise of 80 degrees (7), will be carrying 
3,620 amperes (J) in open air. The re- 
sistance of the mil-foot of copper wire at 
100 degrees, as taken from the separate 
graph at upper right, is 13.7 ohms (r), 
Thus “one” is drawn through r=13.7 and 
T=80, and produced to pivot scale P. 
“Two” is drawn thence to 1.31 on d, 
through pivot scale Q; and “three,” 
thence backwards to 1,000 on K, through J, 
which it cuts at 3,620 amperes, the re- 
quired value. 

For compactness the chart is conceived 
as folded over on the d scale so that the r 
scale and the K scale, which has the only 
three above mentioned points thereon, 
coincide. 


CARL P. NACHOD (A’07) 


Vice-president, Nachod and United States Signal 
Company, Inc., Louisville, Ky.) 
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NEW BOOKS e 


The following new books are among those recently 
received from the publishers. Books designated 
ESL are available at the Engineering Societies 
Library; these and thousands of other technical 
books may be borrowed from the library by mail 
by AIEE members. The Institute assumes no re- 
sponsibility for statements made in the following 
summaries, information for which is taken from the 
prefaces of the books. All inquiries relating to the 
purchase of any book reviewed in these columns 
should be addressed to the publisher of the book 
in question. 


Handbook of War Production. By E. A. 
Boyan. McGraw-Hill Book Company, 
Inc., New York, N. Y., London, England, 
1942. 368 pages, diagrams, etc., 91/2 by 
6 inches, cloth, $3. (ESL). 

Discusses the problems of management 
that are involved in the conversion of 
plants to the production of war materials, 
and in increasing the quality and speed 
of output. It is based upon the experience 
of pioneer war manufacturers. Among the 
subjects discussed are the procurement of 
contracts, materials and supplies, produc- 
tion planning and control, quality control, 
labor and expansion, conservation of 
strategic material, industrial accounting in 
wartime, estimating for war contracts, and 
subcontracting. 


Electrical Engineering (volume 2). By 
W. T. Maccall. University Tutorial Press, 
Lid., London, England, 1942. 463 pages, 
illustrations, etc., 9 by 5!/2 inches, cloth, 
15s. (ESL). 

This book is based on the author’s 
“Alternating Current Electrical Engineer- 
ing.” With volume one of the present 
work it is intended to cover all the funda- 
mentals of all branches of electrical engi- 
neering dealt with in the usual three-year 
courses given in British schools. ‘This 
volume discusses symbolic notation, har- 
monic analysis, a-c generators and motors, 
converters, mercury-arc rectifiers, trans- 
mission, protection, and symmetrical com- 
ponents. 


Microwave Transmission (International 
Series! Fin!) Physics), | By “J.. Ce slater: 
McGraw-Hill Book Company, Inc., New 
York, N. Y., London, England, 1942. 
309 pages, 9!/2 by 6 inches, cloth, $3.50. 
(ESL). 

This book on ultrahigh-frequency sys- 
tems presents the general theory under- 
lying the methods used for transmitting 
microwaves from generator to receiver, 
including the intermediate stage of radia- 
tion from one antenna and absorption by 
another. The treatment is based upon 
the theory of conventional transmission 
lines and on Maxwell’s equations. The 
book is an advanced text and reference 
book. 


Handbook of Applied Hydraulics. By 
C. V. Davis. McGraw-Hill Book Com- 
pany, New York, N. Y., London, England, 
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1942. 1,084 pages, illustrations, 9 by 6 
inches, $7.50. (ESL). 

A general reference work on hydraulics, 
composed of brief, yet complete texts on its 
various branches with practical informa- 
tion on the planning and design of hydrau- 
lic works. Hydrology, river regulation, 
dams, spillways, canals, hydroelectric plants 
hydraulic machinery, water supplies, sew- 
erage, irrigation, and drainage are dis- 
cussed by eighteen prominent engineers 
with experience in various fields. 


Natural Trigonometric 
Seven Decimal Places for Every Ten 
Seconds of Arc). By H. C.-Ives. 2d edi- 
tion, John Wiley and Sons, New York, 
N. Y., Chapman and Hall, London, Eng- 
land, 1942. 351 pages, diagrams, etc., 10 
by 7 inches, cloth, $9. (ESL). 

These tables give the natural sines, co- 
sines, tangents, and cotangents. ‘They also 
include eleven other tables frequently 
needed by surveyors. Errors in the pre- 
vious edition have been corrected, and a 
table giving the tangents and cotangents to 
single seconds from 0 to 2 degrees have 
been added. 


Basic Radio, the Essentials of Electron 
Tubes and Their Circuits. By J. B. 
Hoag. D. Van Nostrand Company, New 
York, N. Y., 1942. 379 pages, illustrations, 
etc., 9 by 51/2 inches, $3.25. (ESL). 

The aim in this text is to select the radio 
tubes and circuits which experience has 
proved useful, to present a simple explana- 
tion of how they work and where they are 
applied, and to provide sufficient numerical 
constants and other details to make them 
readily understandable. It is intended for 
students with only a limited knowledge of 
physics and mathematics. 


Torque Converters or Transmissions. 
By P. M. Heldt. P. M. Heldt, Nyack, 
New York, N. Y., 1942. 406 pages, illus- 
trations, etc., 8!/2 by 5 inches, cloth, $4. 
(ESL). 

The past ten or fifteen years have seen 
many developments in transmissions for 
use with internal combustion engines in 
vehicles. This book brings together in 
convenient form for use by designers and 
students the wide variety of mechanisms 
which have been devised. Much informa- 
tion on design is provided, especially for 
the types in common use. 


Modern Trigonometry. By M. J. G. 
Hearley. Ronald Press Company, New 
York, 1942. 168 pages, illustrations, 8 by 5 
inches, cloth, $1.75. (ESL). 

An elementary textbook presenting the 
numerical side of trigonometry in a form 
adapted to students with little mathe- 
matical background. The problems are 
practical ones, and the applications of 
trigonometry in astronomy, navigation, 
and mechanics are discussed. The book is 
designed especially for students of aero- 
nautics. 


Of Current Interest 


Functions (to. 


The Steam Locomotive. R. P. Johnson. 
Simmons-Boardman Publishing Corpora- 
tion, New York, N. Y., 1942. 502 pages, 
illustrations, 91/, by 6 inches, cloth, $3.50. 
(ESL). 

Discusses certain fundamentals of loco- 
motive theory and operation. In addition, 
the economics of the steam locomotive are 
considered and comparison with the Diesel- 
electric variety is made. The book con- 
tains much of interest to designers and 
those concerned with railroad motive 
power. 


Arc-Welding Job Training Units. Dun- 
woody Series Welding-Training Jobs. 
American Technical Society, Chicago, IIl., 
1942. 103 pages, illustrations, etc., 11 by 
81/, inches, paper, $1.25. (ESL). 

Presents a course in welding with the 
electric arc adapted to the needs of indus- 
trial schools and apprentice training. ‘The 
course consists of forty jobs, an information 
sheet being furnished for each. Question 
sheets are also provided for most jobs. 
The course has been thoroughly tested in 
schools and industries. 


Postwar Planning in the United States. 
By G. B. Galloway. Twentieth Century 
Fund, New York, N. Y., 1942. 158 pages, 
tables, 9 by 6 inches, paper, 60 cents. 
(ESL). 

This report summarizes the activities, 
personnel, and publications of the various 
agencies engaged in research upon the 
economic and social problems that will 
face us when the war ends. A considerable 
bibliography is appended. 


PAMPHLETSe e e 


The following recently issued pamphlets may be 
of interest to readers of ‘Electrical Engineering.” 
All inquiries should be addressed to the issuers. 


Patents and Invention. National As- 
sociation of Manufacturers, New York, 
N. Y., 1942. 20 pages, no charge for single 
copies. . 


Post-War Agenda. National Resources 
Planning Board, Washington, D. C., 
1942. Outline chart. 


Standards for Foam Extinguishing Sys- 
tems. National Board of Fire Under- 
writers, New York, N. Y., 1942. 31 pages, 
$1.50 per hundred, $10 per thousand 
copies. 


Ohio Stream Drainage Areas and Flow 
Duration Tables. C. H. Wall, C. V. 
Youngquist. (The Engineering Experi- 
ment Station Bulletin 111, Ohio State 
University Studies, Engineering Series, 
Columbus, 1942.) 73 pages, 75 cents. 


Voluntary Labor Arbitration Rules of 
Procedure. Revised edition. American 
Arbitration Association, New York, N. Ya 
1942. 35 pages, no charge. 
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Thermal Co-ordination of Motors, 
Control, and Their Branch Circuits on 
Power Supplies of 600 Volts and Less 


B. W. JONES 


ASSOCIATE AIEE 


HE protection of a motor against an 
overload or the protection of a motor 
and its branch circuit against a short cir- 
cuit are basically the same problem. The 
entire circuit is heated at a rate which is a 
function of the amount of current flowing, 
and this current must be interrupted be- 
fore the winding or any part of the circuit 
exceeds a prescribed temperature. The 
means used to protect against these two 
magnitudes of power may be the same, or 
it may be entirely different as will be 
brought out later. It is the purpose of 
this article to show what the heating 
characteristics are of the motors, the con- 
trol, and the branch circuit wiring, and 
what the characteristics of the protective 
devices should be in order that the power 
will be disconnected from the main feed- 
ers under all conditions of excess current 
before excess temperatures are attained. 
The points which this article will dis- 
cuss dnd some of the conclusions reached 
are: 
1. That the short-time heating character- 
istic of three-phase induction motors stators 
can be shown in a simple graphical method 
when we know the current density in the 
stator windings at rated current. These 
data should then be used as the basis for 
determining the tripping characteristic of 
overload and short-circuit protective de- 
vices. 


Paper 42-79, recommended by the AIEE committee 
on industrial power applications for presentation 
at the AIEE North Eastern District meeting, 
Schenectady, N. Y., April 29-May 1, 1942. Manu- 
script submitted February 16, 1942; made avail- 
able for printing March 30, 1942. 


B. W. Jones is consulting engineer, industrial con- 
trol department, General Electric Company, 
Schenectady, N. Y. 
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2. If the cross section of the reduced sec- 
tion of a zinc fuse link is not greater than 
any part of the copper conductors nor 
greater than 45 per cent of any Nichrome 
conductor (the heaters of overload relays), 
then the fuse will give good short-circuit 
protection to the copper and to the Nichrome 
conductors. 


3. Small horsepower starters, which are 
within the range of from 1 to 50 horsepower 
at 440 or 550 volts, or of 1 to 25 horsepower 
at 220 volts (classified as National Elec- 
trical Manufacturers’ Association size 3 or 
smaller), require a short-circuit protective 
device that willinterrupt the circuit during a 
heavy short circuit in less time than one-half 
cycle. Tests have shown that a suitable 
size nonrenewable cartridge-type fuse of 
good design is capable of doing this. 


4. Because of this fast interrupting ability, 
this type of fuse is current-limiting (see 
Figures 6 and 7). Therefore, it gives two- 
way protection, in that it both limits the 
amount of current which reaches the 
starters, and it is exceptionally fast when the 
currents are high. 


5. Because of the inductance in a d-c 
generator, its current will build up at a 
slower rate during a short circuit than will 
the current in an a-c circuit, and therefore 
a fuse will be more current-limiting on a 
d-c system when supplied from a d-c gen- 
erator than on an a-c system. Unlike the 
a-c power, the peak voltage and the average 
voltage is the same on d-c systems. Be- 
cause of these two factors it is easier for a 
fuse to interrupt a short circuit on a d-c 
system than on an a-c system of the same 
rated voltage since the entire interrupting 
period takes place in a fraction of a half 
cycle. 


6. A NEMA size 3 starter (50 horsepower 
at 440 volts or 550 volts, three phase) or 
smaller can be fully protected against any 
major damage from short circuits on a sys- 
tem having available currents up to 100, 000 
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amperes, provided a correct current and 
voltage nonrenewable cartridge-type fuse 
of good design is placed in each branch cir- 
cuit line, and provided the fuses are posi- 
tively held in their clips so as to prevent 
magnetic forces from throwing them out. 


7. <A circuit breaker provided with a fast 
instantaneous magnetic trip, as used on our 
tests, demonstrated its ability to protect 
NEMA size 4 and larger starters, when on a 
system having an available current equal 
to or less than the interrupting rating of the 
breaker. 


8. The maximum size fuse that should be 
used is 31/, times the current rating of the 
overload relay, or four times the current 
rating of the motor, and if this does not 
result into the same current, then the 
smaller of the two should be selected. See 
Figure 3. 


Permissible Temperatures 


Let us first decide what are excess tem- 
peratures. Much has been written on this 
subject,’ but it is quite generally agreed 
that 90 to 100 degrees centigrade is a 
satisfactory temperature (approximately 


.50 degrees rise), where it is maintained 


for long intervals, but where the tempera- 
tures are transient and last for only a few 
seconds or minutes and occur infre- 
quently, then this 50 degrees rise can be 
materially increased. For conditions like 
a stalled squirrel-cage induction motor 
which lasts for only a few seconds the 50 
degrees rise can be doubled. A rise of 100 
degrees is satisfactory for a stalled motor 
because it will seldom be called upon to 
withstand this condition and then for 
only a few seconds. 


Current-Time Heating 
Characteristics 


Let us now ascertain the heating char- 
acteristic of a three-phase squirrel-cage 
When a repre- 
motor is 


type of induction motor. 
sentative type of induction 
running at rated load, approximately one 
third of its total heat loss will be produced 
by the iron, and the remaining two thirds 
will be produced by the copper. But if 
the motor is stalled and taking five times 
rated current, then the iron loss will re- 
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Figure 1. Heating characteristics of three- 

phase induction motors. Also tripping char- 

acteristics of a representative temperature 
overload relay 


Curve A—Current-time curve for copper, 

showing rate of heating where current density 

is 3,000 amperes per square inch at rated 

current, and maximum temperature reached is 
100 degrees centigrade rise 


Curve B—Same as A except current density is 
4,000 amperes per square inch 


Curve C—Same as A except current density is 
5,000 amperes per square inch 


Curves A,, Bi, C;—Extensions of A, B, and C 
to show the rate of rise if there were no 
heat loss 


Curve D—Current-time tripping curve of a 
high-grade temperature overload relay 


Because of heat conduction into the insulation 

and into the iron of the motor, and because of 

convection from the motor, the temperature 

rise for times of 30 seconds and longer will 

range between 50 degrees centigrade mini- 

mum and something under 100 degrees centi- 
grade maximum 


main the same, but the copper loss will 
be 25 times larger. Under either a run- 
ning or a stalled condition, the copper will 
lead the iron in temperature, but in the 
stalled condition will be leading so far 
that we can assume the iron temperature 


484 ‘TRANSACTIONS 


FOR DURATION OF !/2 GYCLE 


FOR DURATION OF 4 CYCLES 
FOR DURATION OF 6 at 


TO G'VE 125°C RISE | 
COPPER AND 1350°C 
RISE IN NICHROME 


10 50 100 +200 300 500 
CURRENT RATING OF STARTER IN AMPERES 
Figure 2. Required interrupting speeds fully 
to protect starters having heater-type overload 
relays against specified short-circuit currents 


will be stationary in temperature, while 
the copper is going its limit. The length 
of time required for the copper to go its 
limit of 100 degrees centigrade rise will de- 
pend upon the current density in the 
copper. Let us assume that the current 
densities in the stator copper of the 
standard lines of three-phase induction 
motors fall within 3,000 to 5,000 amperes 
per square inch when carrying their rated 
currents, then curves A, B, and C of 
Figure 1 show the time required for these 
three copper densities to reach 100 de- 
grees rise for any current from 1 to 100 
times their ratings. This is based on the 
assumption that all the heat remains in 
the copper, and none is conducted out into 
the insulation or iron, or carried off by 
convection or by radiation. For short 
circuits where the considered time is one 
second or less, this assumption is suffi- 
ciently correct, but for stalled conditions 
of the motor, or for heavy running over- 
loads where the no-loss time required to 
reach 100 degrees rise is 30 seconds or 
more, there will be sufficient loss from the 
copper due to heat transfer that recogni- 
tion should be made. Referring to Figure 
1, it will be noted that at the 30-second 
position of the A, B, and C curves they 
have changed their current-time rate in 
order that this heat transfer can be ap- 
proximately indicated in a simple dia- 
grammatic manner. At the 30-second 
position, where the two curves diverge, 
we know that if no heat had escaped from 
the copper, it would have a 100 degrees 
rise, but we know that some heat has es- 
caped during this 30 seconds, so the tem- 
perature will be below the 100 degrees rise 
(perhaps 85 or 90 degrees rise or less). 
Likewise, at the 10,000-second position, 
where the motor is carrying its rated load, 
the heat transfer has reached an equilib- 
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Figure 3. Current densities in copper and in 
Nichrome V wires, in stator windings of © 
squirrel-cage three-phase induction motors, 
and in the restricted section of General 
Electric low-voltage cartridge-type fuses when 
carrying their respective rated currents 


rium whereby the temperature rise on 
the copper is 50 degrees—the rated rise of 
the motor—therefore, along various posi- 
tions of the A, B, and C curves between 
30 and 10,000 seconds, the temperature 
rise gradually increases as the load in- 
creases, reaching something less than 
100 degrees rise at a stalled condition. 
Thus, by the use of log-log-paper a very 
simple graphical method can be used, 
wherein the well-known thermal capacity 
of copper and the assumed current density 
used in the motor design can be used as 
the basic factors in this graphical method. 
The resultant temperatures obtained in 
this simple manner will be sufficiently 
close for all practical purposes, and the 
temperatures will be on the conservative 
side. Therefore, the three straight lines 
in Figure 1 between 30 and 10,000 sec- 
onds, which are labeled A, B, and C can 
be used to closely represent the transient 
heating time-current characteristics of the 
stator of the three designs of motors which 
have the 3,000-, 4,000-, and 5,000-am- 
peres per square inch densities in the cop- 
per when carrying their rated currents. 


Required Temperature- 
Overload-Relay Characteristics 


Thus, if these three time-current char- 
acteristic curves are used as the basis for 
designing three temperature overload re- 
lays such that the relay-tripping times 
never exceed those shown on these curves 
and yet keep fairly close to them, then 
these relays should be capable of protect- 
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Figure 4. Magnitude of short-circuit currents 

for a circuit in which 20 volt-amperes per 

phase is assumed for the total impedance of 
the circuit when carrying rated current 


+ 


ing the three designs of motors against 
all magnitudes of overloads and yet per- 
mit them to do their full quota of work. 
However, the heater type of temperature 
overload relay, which develops its source 
of heat in one element—its heater—and 
transfers this heat to the bimetal or tem- 
perature sensitive element, tends to slow 
down on the high-current end such that 
the relay-tripping characteristic curve 
would normally cross the motor-heating 
curve at the high-current end. This 
type of relay must, therefore, be suffi- 
ciently fast at the stalled current value— 
approximately six times current—to give 
the required protection, and then at the 
lower current values of overload it will 
overprotect the motor. But since this is 
the characteristic of the relay most com- 
monly built for the smaller motors, it fol- 
lows that if this design is so made that it 
is correct for the stalled condition of the 
motor, it will be somewhat faster than 
necessary for all the lower degrees of 
overloads. This degree of overprotection 
is not generally sufficient to interfere with 
the motor’s doing its required work. 
The total thermal capacity of a motor 
is a function of its copper, its insulation, 
and its iron, but under a stalled condition 
the effective thermal capacity of this same 
motor is primarily a function of only its 
copper. Thus the effective thermal ca- 
pacity of a motor under all degrees of 
overloads is a variable, having about a 
four-to-one range. Therefore, if a relay 
is designed which has a duplicate heating 
characteristic to that of the motor, then 
it must also have an effective thermal 
capacity which is a variable. This of 
course complicates the problem and re- 
sults in a larger and a more complicated 
relay. Such a design is available and has 
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CURRENT IN KILO AMPERES 


TIME MEASURED IN HALF CYCLES OF 60 CYCLE POWER 


Figure 5. Time required for General Electric 
cartridge-type low-voltage fuse links (zinc) to 
melt 


been supplied since 1924, but it is not a 
large production unit because of its size 
and cost. Unless this desired characteris- 
tic can be designed into a relay which is 
both inexpensive and small, I doubt 
whether the trade will need this variable 
thermal-capacity characteristic  suffi- 
ciently to demand it. Large motors will 
always require the best designs available, 
but the control for small motors will be 
determined largely .by cost. Therefore, 
the small and inexpensive heater type of 
thermal overload relays will very likely 
be continued for some time. 

The above discussion regarding how we 
can protect the insulation of a motor by 
protecting it against excess tempera- 
tures should not lead us to conclude that, 
if we do a good job in this respect, no in- 
sulation troubles will occur. These 
troubles may develop as a result of tran- 
sient voltages, faulty work, mechanical 
injury, or from many other causes. 
Therefore means should be provided 
which will give adequate fault protection 
to the branch circuit, the control devices, 
the motor, and to the operating personnel. 


Short-Circuit Protection 


The devices which provide the degree of 
overload protection just discussed will 
not, in general, provide the necessary 
protection to the branch circuit and to the 
control against short circuits. In our 
discussion we have assumed that ten 
times rated current is the dividing line 
between overload and short-circuit con- 
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Figure 6. Current-limiting characteristics of 
one standard nonrenewable cartridge fuse per 
phase on a three-phase power supply 


Combinations 1, 2, 2A, 3, and 3A were 

tested on 440 volts, three-phase power. 

Combinations 4 and 5 were tested on 600 
volts, three-phase power 
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ditions. Above ten times current the 
effective thermal capacity will be pro- 
portional to the copper in the stator wind- 
ing of the motor and in the branch cir- 
cuit and the control. Also we have as- 
sumed that 100 degrees centigrade rise 
will be the upper limit of temperature for 
the stator copper under overload condi- 
tions, but for short-circuit conditions 100 
degrees rise is somewhat low. We will, 
therefore, assume that the temperature 
rise may be 125 degrees—a very, very 
conservative value—and that the Figure 2 
curves will show the necessary speed of 
interruption required to keep the copper 
within these limits. The 125 degrees rise 
(165 or 175 degrees total) is not the limit 
to which it is permissible to carry copper 
with its insulation, but, when wire is se- 
lected for its continuous current-carrying 
ability, its resultant temperature under 
short-circuit condition will be in accord- 
ance with the above assumptions. 
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Since the path of the current which 
reaches the motor must travel by way of 
the conductor cable and the devices on 
the control panel, it will be necessary to 
also consider the heating characteristic 
of these current-carrying parts during this 
short-circuit condition. The conductor 
cables and contactor parts, we will as- 
sume, are made of copper and the heater 
of the temperature overload relays, 
which are in most motor circuits, is made 
of Nichrome. Therefore, we can assume 
that the path of the short-circuit current 
will be through copper and through Ni- 
chrome of known cross sections. 

To protect the conductors adequately 
in the branch circuit, the control devices, 
and the motor winding, we must use a de- 
vice that is both fast in opening the cir- 
cuit and also has the necessary inter- 
rupting ability. The temperature over- 
load relay, which is generally used to 
protect a motor against overloads, is far 
too slow to assist in protecting against 
short circuits. Also the line contactor, 
connecting and disconnecting the motor 
to and from the line, does not generally 
have the necessary interrupting capacity, 
even if the temperature overload relay 
could assist it in opening sufficiently 
fast—as it cannot do—and so we must 
look for other means which can function 
sufficiently fast and have adequate in- 
terrupting ability. 

The most common form of short-circuit 
protective means used on low-voltage 
lines is cartridge-type nonrenewable fuses 
and air-break circuit breakers. If we 
consider first the fuse then a third mate- 
rial, namely zinc of the fuse link, will be 
added in the path of the short circuit. 
We must, therefore, consider the correct 
relationship between the cross sections of 
the zinc fuse link, the copper, and the 
Nichrome heater so that neither the cop- 
per nor the Nichrome will exceed certain 
prescribed temperature rises. To do this 
we will assume that when the fuse melts, 
the copper will have reached 70 degrees 
centigrade rise, the Nichrome 800 degrees 
rise, this fuse-melting period being one 
unit of time. Following the melting of 
the fuse, the current will be reduced to 
zero in an additional time which we will 
assume to be two units of time (this has 
been shown by tests to be a conservative 
assumption), and the rms current 
value, during this fuse-arcing period, we 
will assume to be 58 per cent of the value 
existing at the instant of melting. Dur- 
ing the fuse-arcing period the copper is 
assumed to have an additional rise of 55 
degrees and the Nichrome a rise of 550 de- 
grees, making a total rise of 125 degrees 
for copper and 1,350 degrees for Nichrome. 
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Co-ordination of Fuse Size With 
Copper and Nichrome Wires ~ 


In setting up the basis for our problem 
as shown in Figure 3, we have selected 
the largest cross sections on the fuses and 
the smallest cross sections on the copper 
wire sizes, which means that there is some 
margin in our basic figures. Let us as- 
sume that a copper, a zinc, and a Ni- 
chrome wire are connected in series and 
that a given value of current is put 
through them. Also let us assume that 
the cross sections of the copper and of the 
zine wires are the same, but the cross 
section of the Nichrome wire is larger by 
2.2 times. The average resistance of 
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zine per circular mil foot between 20 and 
419 degrees centigrade (melting) is 69 
ohms, while the average resistance of 
copper per circular mil foot between 20 
and 70 degrees is 12 ohms. This makes 
the average resistance of zine 5.75 times 
larger than copper. Therefore, when the 
copper reaches 70 degrees rise the zinc 
should be 70X5.75=400 degrees centi- 
grade rise assuming no loss of heat. 
Since the Nichrome wire, which is 2.2 
times larger in cross section, is carrying 
the same current, and since its average 
resistance is 670 ohms per circular mil foot, 
the Nichrome wire should have a rise of 
70 X 670/12 X (1/2.2)?=800 degrees centi- 
grade. 

Now, the above time is just sufficient 
to melt the fuse material; to raise the 


Jones—Thermal Co-ordination of Motors 


copper to 70 degrees centigrade rise; and 
the Nichrome to 800 degrees rise. At this 
time the current is a maximum, and a | 
sufficient additional time must be al- 
lowed to reduce this current from this 
maximum value to zero. We will assume 
that this current reduces along a straight 
line so that the rms current is 58 per cent 
of the maximum. 

Tests have shown that for very high 
currents, twice as much additional time 
should be allowed for interruption as was 
required to melt the zinc fuse. Then 
during this arcing period the rms value 
of current will be equal to 58 per cent of 
the value which melted it. 

Therefore, if we initially allow a sufh- 
cient current to flow through the copper 
to cause it to reach a 70 degrees centi- 
grade rise (from 20 degrees base) in a unit 
of time and then allow 58 per cent of this 
current to continue to flow for two units 
of time, the copper will have a 125 degrees 
total rise, because if a given current value 
flowing for one unit of time results in a 70 
degrees rise, then 58 per cent of this cur- 
rent for two units of time will give 70X 
(0.58)2X2%1.17=55 degrees centigrade 
rise. This rise of 55+70=125 degrees 
centigrade. (The 1.17 represents the 
average increase of the copper resistance 
due to the higher temperature.) 

And if this same 58 per cent value also 
went through the 220 per cent cross sec- 
tion of Nichrome, it would have an addi- 
tional rise over its 800 degrees centigrade 
value of (125—70)680/14X(1/2.2)?= 
550 degrees centigrade or a total of 800+ 
550=1,350 degrees centigrade. (The 
680/14 also represents the increased re- 
sistance due to the higher temperature.) 

Therefore, from this line of reasoning, 
which has been checked by test, we can 
expect satisfactory results if we have a 
given cross section of the zinc fuse link— 
the reduced part of the fuse link—and 
then see that no part of the copper cross 
section is smaller than this fuse cross sec- 
tion, and also see that the Nichrome 
cross section is not smaller than 2.2 
times the fuse cross section. 

To obtain the above cross-sectional re- 
lationships, let us call the current rating 
of the motor as 100 per cent; then the 
current rating of the overload relay will be 
115 per cent; the current rating of the 
branch circuit wiring as given in the 
1940 National Electrical Code, Table II, 
chapter 10 will be 125 per cent; and the 
current rating of the fuse will be 400 per 
cent. Figure 3 shows graphically the 
current densities in these three materials. 
For example a 25-ampere control should 
have copper cross sections of 25025= 
6,250 circular mils and Nichrome cross 
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. circular mils. 
factor of 1.15, then the motor rating 


aoe rr 


3.2=80 amperes, which should have the 


_ same cross section as the copper—6,250 
If the motor has a service 


would be 25 divided by 1.15=21.7 am- 
peres. 


Estimated Magnitude of 
Short-Circuit Current 


It is frequently desirable to estimate 
the magnitude of short-circuit current 
that will pass through a given size starter, 


and then determine how long this current 


can be permitted to flow without exceed- 
ing the temperatures prescribed above. 
_ Figure 4 was developed on the basis of 20 


: volt-amperes per phase for the total im- 


pedance of the circuit when carrying 
rated current (this is an approximate 
minimum impedance generally found). 
This will hold fairly well for the smaller 
sizes of control (25 horsepower and less) 
where the impedance of the supply cir- 
cuit is a small part, but for larger sizes of 
starters this method will show too large a 
value of current. But if an expected 
value of current is determined by this or 
other means, then Figure 2 will show how 
long this value of current can be per- 
mitted to flow and still keep the tempera- 
tures within the bounds set above, 
namely 125 degrees centigrade rise on the 
copper and 1,350 degrees rise on the Ni- 
chrome. For example, Figure 4 shows 
that for a 25-ampere starter at 600 volts 
the expected short-circuit current would 
be 10,000 amperes, while Figure 2 shows 
that a 25-ampere starter can withstand 
only 4,700 amperes for one one-half cycle 
or 3,300 amperes for one cycle of time 
duration. Therefore, since the heating 
varies as the square of the current this 
size of starter could carry 10,000 amperes 
for only (0.47)? (half cycle) or 0.00184 sec- 
ond. This is obviously faster speed than 
that of a circuit-breaker operation—which 
is in the order of 0.008 to 0.015 second— 
but as shown in Figure 3, a correctly se- 
lected fuse can do the job for any current 
because its time of operation will vary 
with the magnitude for the current. 


Interrupting Speed of Fuses 


Another pair of questions that are fre- 
quently asked is how fast will a fuse in- 
terrupt the circuit, and how much avail- 
able energy can it interrupt? The first 
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question must be divided into two parts 
in order that we might segregate the im- 
portant factors, namely the length of 
time required to melt the link, and then 
the time required to interrupt the circuit. 
The time required to melt the link of 
General Electric nonrenewable fuses is 
shown in Figure 5, which gives the time 
in half cycles (60 cycles assumed), For 
a fuse to be current-limiting, it must melt 
in the early stages of a half cycle—such as 
one fourth of the half cycle—Figure 5 
shows that a 100-ampere fuse of this type 
will melt in this time when approxi- 
mately 10,000 amperes are put through, 
and Figure 6, which is a test record, shows 
that the available current may be around 
10,000 amperes value. This means that 
the fuse stops the current from materially 
exceeding the value reached at melting. 
And of course, this effect becomes more 
pronounced on the smaller size fuses. 

It is, therefore, obvious from Figures 5 
and 6 that the degree of current-limiting 
becomes less and less as the size of fuses 
increases, and that for ordinary powered 
circuits the fuses larger than 200 am- 
peres size do not give much current- 
limiting effects. It is also obvious that 
the 200-ampere fuse and smaller interrupt 
in one half cycle or less when subjected to 
currents of 10,000 to 20,000 amperes. 
This means that fuses do an exceptionally 
fast interrupting job in protecting motors 
and controllers of 100 horsepower (size 
4 starters) and less. 


Interrupting Ability of Fuses 


The second half of the question dealing 
with the amount of available energy 
which these fuses can interrupt was de- 
termined by providing a 250-volt d-c 
source which was capable of delivering 
96,000 amperes, and also a three-phase 
source which was capable of delivering 
an rms symmetrical current of 84,000 
amperes at 440 volts and 114,000 am- 
peres at 600 volts. In the d-c circuit was 
placed two standard nonrenewable Gen- 
eral Electric 250-volt fuses in series to 
simulate the usual two fuses that are in a 
circuit. Two 600-volt fuses were also 
tested in this circuit, wherein the avail- 
able currents were varied from 10,000 
to 96,000 amperes in several steps, and the 
results were perfect. The build-up of the 
current in this circuit was much slower 
than in an a-c circuit so that the current- 
limiting effects were much more pro- 
nounced as shown in Figure 7. 

In the three-phase 440-volt a-c circuit 
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one 250-volt fuse of the above type was 
connected in each supply line, and the 
available currents ranged from 18,000 to 
84,000 symmetrical rms amperes. The 
resulting currents are shown in Figure 6, 
and the performance was perfect. When: 
the supply power was 600 volts, then one 
600-volt fuse was connected in each sup- 
ply line, and the available current ranged 
from 24,000 to 114,000 amperes. The re- 
sults, which were perfect in operation, are 
also shown in Figure 6. It can therefore 
be said that with this arrangement of 
connections, these fuses are capable of 
interrupting a circuit, either a-c or d-c, 
which has an available short-circuit cur- 
rent of 100,000 amperes. 


‘ 


Conclusions 


The following recommendations are 
made: 


1. Correctly designed overload relays 
should be used to protect all sizes of motors 
against overloads. To do this, relays having 
three degrees of tripping speeds should be 
available—fast, medium, and slow tripping. 


2. Every motor should be listed in one of 
three groups to show whether it is a fast-, 
medium-, or slow-heating unit. The cor- 
rect overload relay could then be selected 
for each motor. 


3. Full short-circuit protection for NEMA 
size 3 and smaller starters can be obtained 
by the use of correct-size nonrenewable 
cartridge-type fuses of a good design. In- 
terrupting devices which are slower than 
these fuses may not give full protection. 


4. NEMA size 4 and larger starters will be 
protected by fast-tripping air circuit break- 
ers which have an instantaneous type of 
tripping device. 


The copper cross section of the branch 
circuit, the control, and the motor should 
be equal to or larger than the reduced cross 
section of the zine fuse link, and the cross 
section of the Nichrome of the overload 
relays should be 2.2 times larger than the 
zine fuse link. 


6. Since safety first laws are becoming more 
stringent, since available short-circuit energy 
is rapidly increasing, and since starters are 
frequently mounted near workmen, it is 
quite essential that adequate short-circuit 
protection be provided for all branch-line 
circuits. Since it has been demonstrated 
that this protection can be provided for 
standard existing starters by means of 
standard fuses, even on large power systems, 
it was considered of sufficient importance to 
bring it to your attention at this time so that 
this needed protection can be obtained and 
especially during this critical war period. 
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Selenium Rectifiers and Their Design 


JOHN E. YARMACK 
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Synopsis: Selenium rectifiers are dry-plate 
rectifiers of the electronic type. The history 
of dry rectifiers began some 30 years ago 
with the advent of the copper-sulphide recti- 
fier. In the early 20’s, the copper-oxide type 
came into common use, and during the past 
three years, selenium rectifiers have found 
wide application in American industry. 
Fundamentally, this third and latest type 
of rectifier is a continental development and 
has been manufactured in Europe within 
the International Telephone and Telegraph 
group of companies during most of the 
1930’s. Sufficient experience was gained in 
the technique of manufacture, as well as 
in methods of design and in selection of ap- 
plications, to warrant engineering state- 
ments as to their general usefulness and im- 
portance to industry. 

The purpose of this paper is to outline 
general principles of design of stacks, one or 
more of which make a rectifying unit. 
Starting with the availability of selenium 
plates or discs of various types, the engineer 
is confronted with the problem of 


1. Selecting the proper size of plate to provide the 
required d-c output. 


2. Computing the required a-c voltage to be im- 
pressed on the rectifier stacks to give the necessary 
d-c output. 


3. Analyzing various factors such as type of load, 
nature of service, and cost of selected rectifier. 


The paper includes dynamic and other 
characteristics of the principal sizes of 
selenium rectifier plates as applied to the 
design of single-phase, three-phase, full- 
wave, and half-wave rectifier units, and all 
variety of loading. Typical circuits are 
analyzed and novel representative computa- 
tions of rectifier units are included. 


Selenium Plates 


3 fas rectification of alternating cur- 
rents by means of the selenium recti- 
fier takes place wholly within the con- 
stituent plate or plates, seven sizes of 
which are shown in Figure 1. The recti- 
fying medium of this electronic device 
consists of selenium; the principle of 
operation is similar to that of other dry 
plate rectifiers, that is, low resistance in 
the forward direction, and high resistance 
in the reverse direction. A metal plate 
serves as back electrode; over it a layer 
of selenium is deposited, thin enough to 
give minimum internal losses, but suffi- 
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ciently thick to withstand high inverse 
voltage. A soft metal of low-melting tem- 
perature is then applied over the selenium 
layer to form a front electrode. Finally, 
by means of controlled processes, a bar- 
rier layer is formed between the selenium 
and the front electrode. 


Selenium Rectifier Stacks 


Rectifier stacks are produced by as- 
sembling selenium rectifier plates (40 
plates are usually maximum) on a center 
stud with contact discs or washers inter- 
spersed between plates. Series and par- 
allel arrangement can readily be provided 
as required, by inserting insulators be- 
tween plates and introducing terminal 
lugs into the stack. 

A stack consisting of 40 plates may be 
connected in several different ways: for 
example, as a bridge-circuit unit having 
ten plates in a series and one plate in 
parallel (4-10-1), or one plate in series and 
ten in parallel (4-1-10). The same stack 
may also be connected as a half-wave 
rectifier having all 40 plates in series to 
take care of voltage and one plate in par- 
allel to take care of current (1-40-1). 
Further, the 40-plate stack may also be 
assembled as a doubler (2-10-2), two of 
which make a bridge-circuit rectifier with 
ten series and two parallel plates in each 
arm of the bridge. 

For the three-phase half-wave circuit 
the total number of plates must be a 


Figure 1 (Below left). Cross section of a 
selenium rectifier plate showing the sequence 
of various layers 
(Right) Seven basic sizes of selenium rectifier 
plates 
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multiple of three to allow a total connec- 
tion such as 3-6-2 for a 36-plate single- 
stack unit. Similarly, this latter stack, if 
connected as 6-6-1, becomes either a 
bridge or center-tap three-phase rectifier. 


Rating of Plates 


Current ratings of selenium plates are a 
function of their effective rectifying areas 
and heat-dissipating capacities. Table I 
lists seven basic plates, ranging from */4 
to 43/s inches in diameter; it also shows 
ratings of the basic plates in various recti- 
fier circuits. The ampere capacities 
shown in this table are based on an am- 
bient temperature of 35 degrees centi- 
grade and were determined experimen- 
tally. The requirements of a selenium 
rectifier in respect to current are always 
met by selecting the proper size of plates 
and their number in parallel, if the total 
rating of the rectifier exceeds the rating of 
an individual plate. 

The ratings of the plates shown in 
Table I can be increased by providing ad- 
ditional cooling. Doubling the spacing 
between plates assembled in a single stack 
increases the heat-dissipating ability of 
the stack; the rating of plates is some 25 
to 50 per cent higher than those shown in 
Table I. Table II lists six selenium plates 
having the same effective rectifying areas 
as those listed in Table I, but their cur- 
rent ratings are higher because of wider 
spacing. 

By providing cooling fins, the forward 
current-carrying capacity of the plates 
can be raised still further. Table III 
contains eight additional plates with fins, 
the current ratings of which are from-2 to 
2'/. times greater than the plates of the 
same rectifying areas listed in Table I. 
With extended ratings of the plates, 
whether by means of wide spacings or 
cooling fins, the internal losses of selenium 
rectifiers are greater; consequently, their 
efficiency is slightly reduced, and the volt- 
age regulation is adversely affected. 
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voltage must not, 


Tables I, II, and III include ratings of 


selenium plates in 


Rectifier stacks with narrow or wide 
spacing, as well as those with fins, are 
ordinarily cooled by convection. Large- 
size selenium rectifiers, however, often 
utilize forced draft ventilation in order to 


Tables I, IT, and III also give the maxi- 
mum permissible reverse rms voltages per 
plate. The voltages thus indicated have 
_ ample safety margin. If, however, the re- 
_ verse voltage be 
limits, the rectifying layer between the 
selenium and the front electrode alloy 
breaks down. The maximum specified 


save space and to economize in rectifying 
elements. The normal plate rating can 
thereby be increased twofold and some- 
times threefold. If, however, extended 
loading of plates with the aid of forced 
ventilation is not desired, substantially 
greater current output, as compared with 
free air conditions, can be obtained by 
mounting the stacks in a chimneylike 
enclosure (Figure 2). As will be noted 
from the figure, the least favorable condi- 
tion is that of mounting the stacks in a 
cabinet provided with perforated covers. 
The current rating of selenium rectifiers 
is limited only by the final plate tempera- 
ture resulting from heating. The stacks 


increased beyond safe 


therefore, be exceeded. 


d-c circuits. 


can be heavily overloaded, provided the 
maximum safe operating temperature of 
75 degrees centigrade is not exceeded. 
When this temperature is reached, either 
the load must be reduced to normal, or 
provision must be made for cutting the 
rectifying elements out of service as in the 
two half-wave rectifiers illustrated in Fig- 
ure 3, widely used in business machines. 
Each element in these machinesis equipped 
with a pair of bimetal strips connected 
by means of an adjustable screw. If, by 
chance, the key punch or the duplicator 
happens to be jammed and causes the 
temperature of the stacks to reach a range 
of 70 or 80 degrees centigrade, the bimetal 


Table |. Current and Voltage Ratings of Seven Basic Selenium Plates When Used in Narrow Spacing Assemblies and With Resistive and 


Inductive Loads 


For Battery-Charging and Capacitive Loads, These Ratings Are Reduced by 20 Per Cent. Conditions: Continuous Duty; 35 Degrees Centigrade 
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Table Ill. Current and Voltage Ratings of Eight Selenium Plates (Numbers 4, 5, 6, and 7) Equipped With Cooling Fins of Different Sizes, and 


Used for Resistive and Inductive Loads 
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strips separate, thus breaking the circuit. 
The plates then cool off and the bimetal 
strips again close (Figure 4). 


Intermittent Service 


Considerable gain in the current capac- 
ity of selenium rectifiers can be obtained 
when they are used in intermittent service, 
in which case, the duty cycles must be 
definitely established. The variety of 
these intermittent applications is great, 
and their complete discussion here would 
be too lengthy. One formula, however, is 
frequently used for periodic loadings: 


In=Tauc (1) 
A sele 


where J,, is the continuous current rating, 
Imax the maximum current drawn periodi- 
cally, A the operating period, and P the 
inoperative interval; both A and P 
should be in the same units. Experience 
has shown that this formula can be used 
only if A is less than the selenium plate 
time constant 7, which may be defined by: 


A 
h=h(1—e ) (2) 


and which varies from five to eight min- 
utes, depending on the plate size (4 and 
tf) are instantaneous and final plate tem- 
peratures, respectively). When operating 
periods are separated by inoperative in- 
tervals ‘of such length that the rectifier 
again cools practically to normal ambient 
temperature, much greater plate overloads 
are practicable. 


Design of Stacks by Direct Values 


After choosing the size of plate with 
proper current-carrying capacity, the 
internal voltage drop of the plate is con- 
sidered. Figure 5 illustrates the average 
experimentally determined internal volt- 
age drop for seven plates in either bridge 
or center-tap single-phase circuits. The 
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Figure 3. Two half-wave selenium rectifiers 
for operation of magnets in business machines 


Both stacks are equipped with bimetal strips 
to open the circuit when the plate temperature 
exceeds a specified value 


voltage drop per plate, designated as dv, 
is one half of the difference between the 
rms values of voltages read on the input 
and output side of the rectifier. These 
quantities are plotted as ordinates against 
the arithmetical values of output current 
in amperes plotted as abscissa. 

The output voltage of a selenium recti- 
fier is determined by the input voltage 
Va less the total voltage drop within the 
rectifier. The computation of the neces- 
sary a-c voltage to be impressed on the 
selenium rectifier involves consideration 
of the voltage drop per plate and the 
number of plates through which the cur- 
rent flows. 

Using the data given in Tables I, II, 


Figure 2. Tempera- 


Table IV. Selenium-Rectifier Design Con- 

stants: k,=Form Factor; m=Number of 

Plates in Series; k,=Circuit Factor; V,= 

Maximum Voltage Per Plate; V,,=Phase 

Voltage, Except Three-Phase Bridge Where 
It Is Line Voltage 


Number Circuit 
of Phases Type ky n ko 
1....Half-wave ...2.3 Vee ad 
Vp 
1....Bridge tec gis Des Here 
Vp 
1... ,Center-tap. .. 1). 15 pi she daesiedl 
Vp 
3....Half-wave v0 85610 oe 1 
Vp 
3....Bridge O74 Vac 2 
Vp 
8....Center-tap ,..0.74 bee a 
Vp 


and III, and the internal voltage drop per 
plate illustrated in Figure 5, any single- 
phase selenium rectifier can be designed 
and the necessary a-c voltage computed 
by the following formula: 


Vac= Fi Vactkon dv (3) 


where V,, is the input voltage, k, the 
form factor to convert the arithmetical 
value to the rms voltage value (Table IV), 
Vac the required d-c output voltage, ke 
the number of arms through which the 
current must pass in the circuit for each 
half-cycle, » the number of plates in 
series per arm, and dv the voltage drop 
per plate for the circuit employed. The 
constants k,; and k, vary depending upon 
whether a bridge or center-tap connection, 
a single or three-phase circuit is employed. 

As an example, let us design a bridge- 
type unit required to deliver four amperes 
at 16 volts continuously under the maxi- 
mum ambient temperature of 35 degrees 
centigrade in a_ single-phase circuit. 
Selenium plate 7, 4°/s inches in diameter 


Figure 4. Time-temperature characteristics 
illustrating the performance of selenium recti- 
fiers equipped with bimetal strips (Figure 3) 
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440 160 open at the top and 95 | 
bottom 


Yarmack—sSelenium Rectifiers 


2.3 AS 68 OO ia omnS 


MINUTES 


ELECTRICAL ENGINEERING 


AMPERES ARITHMETICAL 


a 


Figure 5. Rectification characteristics of seven 
basic plates 3/4, 1,1 3/s, 1 i ft 25/8, 33/g, and 
43/ inches in diameter) used in the design 
of single-phase bridge and center-tap rectifiers 
for inductive and resistive loads 
(listed in Table I and rated at four am- 
peres) will serve the purpose. Using 
equation 3 and corresponding constants 
from Table IV: 


Vac=1.15X16+2n dv 


The number of plates in series, that is, 
quantity m, necessary at this stage, can be 
computed by the following formula: 


ky Vac 


aa (4) 
Vp—2 dv 


n 
V, for plate 7 is 14, and dv, as read off 
characteristic 7 in Figure 5, is 1.29; hence 


1.15 X16 


=—————- = 1.6 or 2 of number 7 plates 
7 14—2X1.29 : 


in series 


Figure 7. Characteristic illustrating the rela- 

tion of F, and N for single-phase half-wave, 

center-tap, and bridge rectifier circuits for 

battery-charging application or capacitive 
loads 
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Vac, therefore, at the start of service, is 
equal to 23.6 volts. With the aging of the 
selenium rectifier, the forward resistance 
increases, and the inverse resistance also 
slightly increases. Based on lengthy ex- 
perience in the design and application of 
these rectifiers, it can be stated that the 
only variable quantity of equation 3 is dv, 
which may increase as much as 50 per cent 
under most adverse conditions. An ad- 
ditional tap, therefore, should be pro- 
vided in the transformer winding to give 
the V,, required for the aged condition: 


Vac=1.15X16+2 X2X 1.29 X1.5=26 volts 


Designs by Relative Values 


The foregoing example and reference to 
Figure 5 characteristic apply only to the 
single-phase bridge and center-tap de- 
signs with either inductive or resistive 
loads. With capacitive and battery- 


‘charging loads, even in the above-men- 


tioned circuits, intermittent loading on the 
selenium plates occurs with periodic values 
of the forward current greater than the 
periodic values for the same d-c output 
feeding resistive or inductive load; volt- 


SNS? Geass 
MAME E Sa 


Ny = 110A0 AMPERE PER PLATE 
TRATING AMPERE PER PLATE 


Figure 6. Characteristic illustrating the rela- 
tion of F, and N for single-phase half-wave, 
center-tap, and bridge rectifier circuits with 
resistive or inductive load; also for three- 
phase half-wave rectifier circuit with all types 


of load 


age drops per plate are, therefore, greater 
in the former case. Applications occur, 
however, where the voltage drop per 
plate is smaller than the values shown in 
Figure 5. An example is the three-phase 
circuit where the rectified current is prac- 
tically at the peak value of the applied 
alternating current. The output current 
density per plate in these circuits is con- 
siderably higher than in the case of a 
single-phase bridge circuit; furthermore, 
the type of load, whether it be resistive, 
inductive, capacitive, or battery charging, 
has practically no effect on the voltage 
drop per plate. 

Inasmuch as a wide variety of circuits 
and types of loading is encountered, a 


Figure 8. Characteristic illustrating the rela- 

tion of F, and N for three-phase center-tap 

and bridge rectifier circuits for all types of 
loads 
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Figure 9. Charac- 
teristic _ illustrating 
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the relation of F, 
and N for d-c and 


blocking circuits. 


N= 1020 AMPERE PER PLATE 
TRATING AMPERE PER PLATE 


method for rating the 21 rectifier types 
according to relative values of output cur- 
rent and voltage drop per plate has been 
developed. Figures 6, 7, 8, and 9 illus- 
trate the relationships NV and F, for vari- 
ous types of circuits and loads. 

The use of these characteristics involves 
first, determination of the value NV, which 
is obtained by dividing the actual ampere 
load per plate by the ampere rating of the 
basic plate employed. With this value 
determined, the value of F, is read from 
one of the characteristics and then multi- 
plied by the plate size factor F, to obtain 
the actual voltage drop per plate, dv for 
the plate selected. 

Figure 6 illustrates the relationship of 
F, to the value WN for half-wave, center- 
tap, and bridge single-phase circuits when 
loaded with either resistive or inductive 
load; also for half-wave three-phase cir- 
cuits for all types of loads. Figure 7 gives 
a similar relationship for F, to the value 
N for half-wave, center-tap, and bridge 
circuits, all single-phase for capacitive or 
battery-charging applications. Figure 8 
shows the relationship of F, to N for 
three-phase bridge and center-tap cir- 
cuits for all types of loads. Finally, 
Figure 9 shows the relationship of F, to NV 
for d-c and blocking circuit applications. 

To illustrate this method of design, let 
us compute a three-phase selenium recti- 
fier capable of delivering 325 amperes at 
13 volts for the filament supply of a tele- 
vision transmitter tube. An additional 
requirement is that the rectifier deliver 
not more than 488 amperes at approxi- 
mately two volts into tube when cold. 

Several plates in Tables I, II, and III 
should be tried; however, plate 13, rated 
at 3.3 amperes, will be most economical; 
the total current of 325 amperes can be 
safely handled by 100 plates connected in 
parallel. 
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This plate loading with 1.8 ampere rating 
for basic plate 5 used in type 13 will give 


From Figure 8, F,=1.07 and dv=1.07 X 
1=1.07. 

In aging, the dv value may increase 50 
per cent, and thus becomes 1.6. Sub- 
stituting the known quantity in formula 4: 


0.74 X13 : : 
M$ = =e @e 1 Meiw wa cece 
18—2X1.6 
The foregoing proves that the entire 
rectifier should consist of a total connec- 
tion of (6-1-100), where the first number 
(6) designates the number of arms of the 
three-phase circuit, the second number (1) 
indicates the number of plates in series, 
and the third number (100) gives the num- 
ber of plates in parallel. The total of 600 
plates of type 13 may be conveniently 
assembled into 24 stacks, each having 25 
plates in parallel. 
Using formula 3 and the design con- 
stants of Table IV: 


Voc=0.74 X13 +2X1X1.07 =11.8 volts 
when rectifying elements are new; 
Voc=0.74 X138+2 X1X1.6 =12.8 volts 


when they are fully aged. 

In order to meet the requirements of 
approximately two volts with the current 
output of 488 amperes: 


eee Ss 1 
de= 100 : amperes per plate 
4.88 
L SS Si 
1.8 


From the characteristic of Figure 8 


Fy =1.37 


For the new stacks, therefore, dv=1.37 X | 
1=1.37, and for fully aged stacks 


dv = 1.37 X1.5=2.06 


Using formula 3 and these two values of 
dv, the new and aged V,, will be found to 
be 4.2 and 5.6 volts, respectively. The 50 
per cent limit for the current requirement 
is actually met by the external limiting 
reactances in each phase of the three- 
phase circuit. The complete assembly of 
this rectifier is shown in Figure 10. 

The ordinary single-phase bridge-type. 
rectifier for resistive loading can also be 
designed through the use of relative values. 
Figure 11 illustrates a two-ampere, 120- 
volt telautograph unit. 

With two number 9 plates in parallel, or 
one ampere per plate: 


1 
=—=1.67 
0.6 


From the characteristic of Figure 6 


F,=1.2 dv =1.2X1.0=1.2 


Hence 


1.15120 


n= ————————_ = 9.6, or 10 plates in 
18—2X1.2X1.5 


series 


The total connection of the rectifier is 
then 4-10-2. Practical considerations sug- 
gest four stacks, two of which make one 
bridge with ten plates in each arm of the 
bridge. Again, from formula 3, corre- 
sponding constants of Table IV and the 
above dv value, V,, is found to be 162 
volts when new and 174 volts when aged. 

Ratings (Tables I, II, and III) of sele- 
nium rectifier plates, functioning as block- 
ing valves in d-c circuits, are higher in 
current and lower in voltage value than 
they are in half-wave alternating circuits. 
The higher current rating is acceptable, 
inasmuch as the forward resistance ordi- 
narily decreases when only forward current 
passes through the selenium rectifier 
plates. The reverse current of the block- 
ing unit, on the other hand, is higher, and 
the safe voltage limit is, therefore, more 
conservatively established than for a-c 
circuits. As an example, a 30-volt, 4.5- 
ampere blocking unit consists of a total 
connection of 1-2-5 number 5 plates. 
The value N for this unit is equal to one, 
and dv is 0.84 (Figure 9). 

Experience has shown that for constant- 
current battery-charging and capacitive 
loading, the current rating should be only 


Table V. Relation of Factor k; by Which Normal Rating of Number 7 (That Is, 43 /ecinche 
Diameter) Selenium Plates Can Be Increased, and the Speed and Amount of Air Necessary 


Multiplying factor for normal plate ratings, ks....1.. 1.5. ae) 


L 1 : at Se OS 3 Oe 
Air speedanbfeetiper minute ser) eer OF CORe 0 Omen 20 eG) 200 ‘ Sih lies 5 
Cubic feet per minuteiper plate.......)........, On Onin OSS aerator 1.4 1 Te; 2.8 3.7 


Yarmack—Selenium Rectifiers 


ELECTRICAL ENGINEERING 


80 per cent of the values tabulated in 
Tables I, II, and III. In the design of the 
rectifier for charging a 60-cell battery at 
the rate of 0.4 ampere, with 2.4 volts per 
cell, plate 4 may be selected. The value 
of N is 0.67. The new dv, as read off the 
characteristic of Figure 7, is 1.25 and, after 


aging, it becomes 1.87. The number of 
plates in series is determined either by 


“ 
n=— (5) 
Pp 
V,//2 
i Midgets 6) 
oe ay 


depending on which is greater. 


Selenium rectifier with output of 
wo amperes at 120 volts for powering tel- 
autograph equipment 


Figure 11. 
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m Figure 10 (left). 7” 

Rectifier unit of 325-  & 

ampere 13-volt rat- 

ing with reactances 

limiting output cur- 

rent to 488 amperes 
at two volts 


A-c_ input: 990 
volts, three phases, 
60 cycles. Rectify- 
ing element consists 
of 600 plates ar- 
ranged in 24 stacks, 
each stack consisting 
of 25 plates in 

parallel 


? 
Figure 12 (right). 
Three-phase se- 
lenium rectifier unit 
employing forced- 
draft ventilation for 
output of 600 am- 
peres at six volts 


Over-all efficiency: 
74 per cent; power 
factor: 94 per cent 


J 
= 7A +kon dv (7) 


3 +28 X1.25=122 volts 


An additional tap to give 132 volts for 
the fully aged condition of the stacks 
should be provided. 


Design of Forced-Draft- 
Ventilation Unit 


The extended current rating of selenium 
rectifier plates with forced draft or fan 
cooling and the speed of air constituting 
the forced ventilation require further con- 
sideration. A rather conservative rela- 
tionship of current rating to air velocity 
has been established and successfully used 
for the 4%/s-inch.-diameter number 7 
plate (Table V). 

As an example, let us design a three- 
phase full-wave rectifier supplying a d-c 
output of 600 amperes at six volts. Be- 
cause of the low required output voltage, 
as compared to the full rms voltage per- 
missible for the number 7 plate, the center- 
tap circuit is most economical and gives 
greatest efficiency. With the fan deliver- 
ing air at a speed of 120 feet per minute, 
the 7.5-ampere (Table I) loading of this 
plate can be increased 2.5 times (Table V), 
thus making it 18.7 amperes per plate. 
Practical consideration of possible 10 per 
cent overload suggests that this unit 
should have 36 plates in parallel for the 
total current output of the unit. This 
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makes the value N (Figure 8) equal to 
2.22, and the initial and aged dv equal to 
1.6 and 2.4 respectively. The total con- 
nection of the rectifier is, therefore, 6-1-36. 
The new V,, for half of the transformer 
secondary voltage is 6.1 volts, and for the 
fully aged condition 6.9 volts. A view of 
this equipment is shown in Figure 12. 


Voltage Regulation 


The inherent voltage regulation of the 
selenium rectifier is in the neighborhood of 
10 to 20 per cent. In computing the regu- 
lation, one must determine the no-load 
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Figure 13. Relation of F, at varying current 


densities to the ambient temperatures through- 
out a heating and cooling cycle 
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20 Figure 14. Alignment chart for determining ee eeu 
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voltage. In the case of the first example 


of a four-ampere, 16-volt rectifier, the dv 
value from Figure 5 is 0.4. The d-c out- 
put voltage, therefore, at no load is 


_ 23.6-2X2X0.4 


Vis 104 
od 1.15 


LONG 


R tion = 
egulatio 16 


<100=19.4 per cent 

Similarly, the regulation of the three- 
phase 325-ampere 13-volt unit (Figure 10) 
is computed by reading F, for N equal to 
zero in Figure 8. Substituting 0.3 for the 
value of dv in formula 3, and taking 11.8 
volts for V,,, one finds the no-load voltage 
to be 15 volts, and the voltage regulation 
is, therefore, 15.4 per cent. 


Efficiency 


The efficiency of selenium rectifiers 
varies with the type of circuit and the 
nature of the load. The single-phase cir- 
cuits with fully loaded plates in respect to 
voltage and current, and when feeding 
either resistive or inductive loads, give an 
efficiency of approximately 64 per cent; 
the same circuits, when used for battery 
charging give an efficiency some 14 per 
cent higher due to the greater value of the 
rectified voltage. The three-phase cir- 
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selenium-rectifier plate number required in ambient 
temperatures above 35 degrees centigrade. 


\ 
Also, 


table of percentage of current and voltage ratings at 
ambient temperatures above 35 degrees centigrade 


cuits give efficiency values in the neighbor- 
hood of 83 per cent and, for all practical 
purposes, remain the same irrespective of 
the type of load. For all circuits and 
loads, however, the efficiency of selenium 
rectifiers increases with decrease of load 
down to approximately 25 per cent of full 
value, and thereafter falls off rapidly. 


Figure 16. Single-phase bridge-connected 
rectifier 


Output: 180 milliamperes at 2,300 volts 
under ambient temperatures from —40 to 
+60 degrees centigrade 
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The efficiency itself depends on the com- 
bined losses in the selenium rectifier from 
forward and reverse currents, and, in 
formula form, it is: 


Vacl ac 
(Vaclac) + W,+W, 


where W, are losses due to forward cur- 
rent, and W, are losses due to the reverse 
current. 

The computation of exact efficiency of 
all sizes of plates and various loads and 
circuits is rather involved and constitutes 
an extensive subject in itself. 

In order to illustrate the simplified 
method of efficiency computation and the 
effect of dv changes on its value, let us 
compute the efficiency of the 325-ampere 
13-volt three-phase unit illustrated in 
Figure 10. 

Forward losses per plate in the three-_ 
phase bridge circuit are 


yet V/2Lac dv 
3 


X100=% efficiency (8) 


Wy 


where 4/2 is a conversion factor for 
approximating the peak value of the a-c 
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SS er ata 
‘ag ie ee ee 4 
e | terms of effective value of dv. 
visor 3 results from the fact that in 
th ‘ee-phase bridge circuit each plate is 
utilized 2<1/¢ times in each cycle. 
-_ _ 325/100X+/2X1.07 
; OS Seems = 1.64 watts per 
plate 


or Wy=6X100X1.64=984 watts for all 
100 plates in six arms. 

ge The reverse losses are approximately 
one third of forward losses computed for 
the normal rating of the plate used in this 
unit 

1_ 6X100X0.8) 
W,=tx X100X0.8XV/2X1.8 


3 = 136 watts 


The new input wattage W, therefore, is 
| W=(IaeX Vac) +Wy+W, 


: = (325 X13) +984+4136 =5,345 watts 
: 4,225 
Efficiency =~ X 100 = 
| ciency 5,345°° 100 =79.2 per cent 
Similarly, assuming a possible 50 per 


_ cent change in dv, the efficiency of this 
rectifier with stacks fully aged is computed 
as 72 per cent. 

* The foregoing designs illustrate the im- 
portance of the quantity dv, which is de- 
pendent on the forward resistance and 
current density of the plates, as well as the 
ambient temperature under operating 
conditions. Its changing values under 
varying conditions greatly influence the 
efficiency, regulation, and aging of sele- 
nium rectifiers. The ambient temperature 
and current density relationships affect- 
ing the value of dv are illustrated in 
Figure 13. The arrows on the curves in- 
dicate that the resistance of the plates de- 
creases with increase of temperature. As 
the plates cool off, the resistance again in- 
creases, and dv is greater at the new lower 
temperatures than during the rising-tem- 
perature phase of the heating cycle. This 
phenomenon diminishes with lower cur- 
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rent densities to a point where the re- 
sistance is the same at corresponding tem- 
peratures of the heating and cooling por- 
tions of the cycle. 


Selection of Plate Type for 35 


Degrees Centigrade and Higher 
Ambient Temperature 


Almost invariably more than one sele- 
nium plate type appears suitable for given 
output requirements. The type of circuit 
or nature of loading, as well as the cost, 
however, restricts the choice. 

The alignment chart (Figure 14) has 
been found useful in selecting plate types 
for specified output currents. Ifa straight 
edge is laid connecting the required d-c 
output with the type of circuit and the 
nature of load, the intersection of the 
straight edge on the plate size scale gives 
the type number of the required rectifier 
plate. If the intersection falls between 
two plate type numbers, the plate having 
the higher current rating should be chosen. 

For ambient temperatures higher than 
35 degrees centigrade, the plate type 
number for a 35 degrees centigrade am- 
bient should first be found. Referring to 
Figure 15, a straight edge connecting the 
35 degrees centigrade ambient tempera- 
ture plate type number with the desired 
higher ambient value of the temperature 
seale intersects the right-hand scale, in- 
dicating the required higher ambient 
plate type number. Again, if the inter- 
section is between two plate type num- 
bers, the plate type number with the 
higher current rating should be used. It 
will be noted that, by decreasing the volt- 
age rating, a small increase in current 
rating is allowable. 

As an example, let us design a high- 
voltage low-current rectifier of the type 
illustrated in Figure 16 for either resistive 
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or inductive load. Referring to Figure 14, 
the line drawn through the 0.18 reading on 
the left-hand scale, and the point marked 
“single-phase bridge”’ in the middle of the 
chart, intersects the right-hand scale be- 
tween “2” and “20.” Thus, plate 20 
(Table II) would be used if the rectifier is 
to operate under maximum ambient tem- 
perature of 35 degrees centigrade. In 
order to derate plate 20 for a 60 degrees 
centigrade ambient, reference is made of 
Figure 15. The line drawn on this chart 
through the same point (between ‘‘2” and 
20") of the left-hand scale (as in Figure 
14) and the point marked ‘60 per cent of 
voltage” indicates that the number 21 
selenium plate (Table II) should be used 
for the required assembly. Further com- 
putations of quantities N, dv, and n re- 
sult in the design of a rectifier with total 
connections of 4-224-1, arranged in 28 
stacks, each consisting of 32 of 1%/s-inch 
plates in series. 
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Rectifier Terminology and Circuit 


Analysis 


Cc. H. WILLIS 


FELLOW AIEE 


NYONE reading several articles on 

the subject of rectifiers must be im- 
pressed by the confusion caused by a lack 
of exact terminology. This paper pre- 
sents definitions of a few terms represent- 
ing the most important concepts arising 
in the rectifier field. The definitions are 
presented with the hope that they will be 
found sufficiently useful to be widely 
adopted. Constructive criticism of the 
terms and definitions is invited. 

These terms have been defined to con- 
form with the general practice in the 
power-rectifier field. It is to be hoped, 
however, that the concepts will be suffi- 
ciently broad and accurate to be generally 
useful in all fields where rectifiers are 
employed. 

In many of the definitions the term 
“circuit element” is employed. This has 
not been defined, because it is in general 
use in electrical literature and has been 
defined elsewhere.! The definitions sug- 
gested are given below. 


Rectifier Terms 


1. Rectifying Element. A rectifying 
element is that circuit element which has 
the property of conducting current effec- 
tively in only one direction. 

In arc rectifying devices, the portion of 
the circuit including an anode, its cath- 
ode, and the are space between the anode 
and cathode, is the rectifying element. 

When a group of rectifying units is con- 
nected, in either parallel or series arrange- 
ment, to operate as one circuit element, 
the group of rectifying units should be 
considered as a rectifying element. 

2. Double-Way Rectifier (Double-D1- 
rection Rectifier). A double-way recti- 
fier is a rectifier in which all parts of the 
alternating-voltage circuit elements, con- 
ductively connected to the rectifying ele- 
ments, conduct current in both directions 
(that is, in alternate half-cycles). 

3. Single-Way Rectifier (Single-Direc- 
tion Rectifier). A single-way rectifier 
is one in which no portion of the alternat- 
ing-voltage circuit elements, conductively 
connected to the rectifying elements, con- 
ducts current in both directions (that is, 
in alternate half-cycles) because of the 
action of the rectifying elements. 
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4. Simple Rectifier. A simple rec- 
tifier is a rectifier in which the total direct 
current at any instant, exclusive of the 
commutating time, flows through a single 
rectifying element for a single-way recti- 
fier, or flows through two rectifying ele- 
ments in series (one on either side of the 
a-c circuit element) for a double-way 
rectifier. 

5. The Number of Phases in a Simple 
Rectifier. The number of phases in a 
simple single-way rectifier is equal to the 
number of rectifying elements. 

The number of phases in a simple 
double-way rectifier is equal to half the 
number of rectifying elements. 

A double-way rectifier may have a pri- 
mary-current wave shape and a d-c ripple 
voltage corresponding to a single-way 
rectifier having twice the phases of the 
double-way rectifier. 

In describing a simple rectifier, three 
items of information are usually necessary 
and sufficient: 


(a). The number of phases of the rectifier. 


(0). Classification as either single way or 
double way. 


(c). The transformer-circuit description if 
transformers are used. 


Example: A three-phase single-way 
rectifier using delta zigzag wye transform- 
ers. 

6. Multiple Rectifier. A multiple 
rectifier is one in which two or more 
similar simple rectifiers are connected in 
such a way that their direct currents add, 
but their d-c voltage ripples do not coincide. 
Interphase transformers are usually re- 
quired between the component simple 
rectifiers in a multiple rectifier. 

When two or more groups of rectifying 
elements operate so that their d-c cur- 
rents add and their d-c voltage ripples 
coincide, the groups of rectifying elements 
are in parallel, 
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In describing a multiple rectifier, four 


items of information are usually given, 
and a fifth, the classification as single- 
way, is usually assumed. The informa- 
tion expressly stated is: 


(a). 


ber of phases in a simple single-way rectifier 
to give the same primary wave shape. 


(b). The number of component simple 
rectifiers in the multiple rectifier. 

(c). The number of phases in a component 
simple rectifier. 


(d). The transformer-circuit description if 
transformers are used. 


Example: a 12-phase quadruple wye 
(single-way) rectifier, using delta zigzag 


-wye transformers. 


7. Cascade Rectifier. A cascade rec- 
tifier is a rectifier in which two or more 
similar simple rectifiers are connected in 
such a way that their d-c voltages add. 

8. Commutating  Reactance. The 
commutating reactance is the reactance 
which effectively opposes normal currens 
transfer between rectifying elements 
which conduct consecutively. 

In the actual rectifier circuit this react- 
ance is usually distributed in various parts 
of the circuit; for example, the anode 
leads, the transformer windings, and the 
a-c supply system. In many cases these 
reactances may be considered as lumped 
in the transformer secondary. 

9. Reactance Factor (Commutating- 
Reactance Factor). The commutating- 
reactance factor is the per-unit commutat- 
ing reactance calculated on the arbitrary 
base of the rms value of the secondary 
line-to-neutral voltage divided by the 
direct current commutated. 

Particular attention is called to the 
terms ‘“‘double-way”’ rectifier and ‘‘single- 
way’ rectifier. These terms are sug- 
gested to replace the terms ‘‘half-wave’’ 
and “‘full-wave’’ as frequently employed. 
There are two arguments against the old 
terms. In the first place, they have been 
used by two groups in different ways. 
For example, the circuit shown in Figure 1 
is sometimes described as a “‘full-wave’’ 
circuit. It is also described as a ‘“‘half- 
wave” circuit by a substantial group. 
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Figure 1. Single-way rectifier circuit 
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Figure 2. Angle of overlap—characteristic 
curves. P = 3 
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Cos (u+ta)= cos a— 


when a=0 
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With this background of confusion a new 
term seems the only solution. A further 
objection to the terms ‘‘full-wave’” and 
“half-wave”’ is the fact that they are ac- 
curately descriptive only in the case of 
180-degree conduction, which is not 
widely used in power rectifiers. The terms 
“double-way” and “‘single-way”’ describe 
accurately the physical difference which 
separates the two classes of rectifiers and 
results in different general relations for 
several current and voltage ratios. 

The ‘‘simple rectifier” is an essential 
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Figure 4. Power factor—characteristic curve 
for delta double-wye rectifier. P=3, C=3 
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step in the development of the more com- 
plicated rectifier circuits, and it seems nec- 
essary to employ this term. 

The definition of the number of phases 
as given is required if a general relation 
for the d-c voltage is to be employed. 
This definition is logical and consistent. 
Unfortunately the biphase rectifier as here 
defined has frequently been classed as a 
single-phase rectifier. 

The ‘multiple rectifier” is here re- 
stricted to the case of several simple rec- 
tifiers operating in parallel in such a way 
that their d-c voltage ripples do not coin- 
cide. This is a unique arrangement in 
rectifier practice which improves the 
operation on both the a-c and d-c sides. 
Some name for this type of rectifier is 
needed. 

The effect of commutating reactance in 
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Figure 5. Amplitude of harmonic voltages in 


d-c voltage wave—characteristic curves. q=6 
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Figure 6. Amplitude of harmonic currents in 
a-c line current—characteristic curves. q=6 


a=0 

n=O, 1, 2 

Per-unit base is amplitude of fundamental with’ 
no overlap 


causing d-c voltage regulation is a source 
of much confusion. It is to be hoped that 
an exact definition of commutating react- 
ance may help to dispel some of this con- 
fusion. 


Reactance Factor 


The methods employed in analyzing rec- 
tifier circuits and the formulas for recti- 
fier-circuit characteristics have been quite 
thoroughly covered in the literature and 
are now well understood. However, no 
standard procedure has been devised for 
making the circuit calculations or present- 
ing the calculated data, and as a result 
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the routine calculation of rectifier char- 
acteristics has been more laborious than 
necessary. Furthermore, with the lack of 
a standard method for presenting the 
calculated results, it is difficult to make 
comparisons between the different types 
of circuits, 

Some attempts have been made to ex- 
press the rectifier characteristics as a func- 
tion of a single-circuit factor.2~> This 
work has indicated the usefulness of a 
factor which combines the current, react- 
ance, and voltage constants of the circuit 
in a single quantity, although the use of 
such a quantity has been limited largely 
to the determination of the harmonic con- 
tent of the d-c voltage and the a-c line 
current waves. 

This paper proposes the definition and 
advocates the general use of a single fac- 
tor of this kind for the purpose of simplify- 
ing the description and calculation of the 
operating conditions of any rectifier cir- 
cuit. It is further proposed that this fac- 

. tor be known as the “reactance factor’’ 
and that it be the product of the direct 
current commutated J, and the line-to- 
neutral commutating reactance X¢ di- 
vided by the rms value of the transformer 
secondary line-to-neutral voltage Eg, that 
is, I¢X¢/Es. 


- Circuit Analysis 


The rectifier-circuit characteristics de- 
pend to a large degree upon the effect of 
reactance in causing an overlapping of the 
anode current waves The amount of 
overlapping is given by the well-known 
equation for the angle of overlap, which 
follows: 

IoX¢ 
cos uw=1— 


=) 3 r © 
»/2Esg sin P 


With phase control, the overlap equation 
is 
cos (u+a)= cos a— eS 


= ACR 
/2Es sin P 


It will be noted that the angle of overlap 
is a function of the “reactance factor,” 
I~X¢/Es. Therefore, for any given value 
of the reactance factor, the angle of over- 
lap will always be the same, regardless of 
the particular current, voltage, or react- 
ance constants of the circuit. From this, 
it follows that if the magnitudes of the 
current and voltage waves in the rectifier 
circuit are expressed in per-unit quanti- 
ties upon a suitable base, the configura- 
tion of the current and voltage waves will 
be the same for any given value of the 
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reactance factor, regardless of the voltage, 
current, and reactance constants of the 
circuit. Inasmuch as the reactance factor 
enters directly in the determination of the 
overlap, and may be calculated readily 
from the circuit constants, it provides a 
convenient quantity for indicating the 
functional relations between the rectifier 
characteristics and the circuit constants. 
The use of per-unit quantities greatly 
facilitates the calculation of rectifier cir- 
cuits. One set of characteristic curves 
may be prepared for each type of rectifier 
circuit, if the circuit constants are repre- 
sented by the reactance factor [~¢X¢/Es 
and the rectifier characteristics, such as 
voltage drop, harmonic voltages, and cur- 
_rents, interphase voltages, power factor, 
and so forth are expressed in per unit. 
Using such a procedure, it is possible to 
reduce rectifier calculation to a minimum, 
calculating the characteristic curves only 
once. For example, to obtain information 
regarding any specific circuit, its reactance 
factor is first calculated from the circuit 
constants. Reference is then made to the 
characteristic curves, and the correspond- 
ing per-unit value of the desired charac- 
teristic determined. The actual numerical 
value may be calculated by multiplying 
this per-unit value by the base value. 
The theoretical d-c voltage Hy, and the 
rms value of the transformer secondary 
line-to-neutral voltage E, are convenient 
bases for calculation of per-unit voltages, 
while the direct current commutated I, 
and the theoretical a-c line current J; are 
convenient bases for per-unit currents. 
The list of rectifier formulas and the 
accompanying curves show a few of the 
more commonly used rectifier charac- 
teristics, with their equations reduced to 
their simplest form in terms of reactance 
factor and the calculated values given on 
a per-unit basis. These curves illustrate 
the application of the reactance factor to 
one type of circuit. Characteristic curves 
for other types of circuits may readily be 
prepared from the equations. 


Rectifier Formulas 


1. Angle of overlap u (Figure 2) 
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3) 
where 
sin u(2-+ cos (u+2a)) — 
Bie! u(1+2 cos a cos (u+a)) 
F(t, a) Or (cos a— cos (u+a))? 


3. D-c voltage drop Ey 


» IcX oP 


2 2Qr 


(in per unit on base Ego) 


Ex 1 


Edo yeaa 
2~/ 2 = 
4/2 sin . 
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4. Power factor PF (Figure 4) 
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5. Harmonics in d-c voltage (Figure 5) 
Amplitude of sine components 
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Amplitude of cosine components 
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All amplitudes may be expressed in per- 
unit values by dividing the above equa- 
tions by Egy. 


6. Harmonics in a-c line current (Figures 
6 and 7) 

Amplitude of sine component of funda- 
mental 


31 
pe [cos a+ cos (uta) ] 
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Amplitude of cosine component of funda- 
mental 
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Amplitude of the resultant of the funda- 
mental components 
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2. Overlap factor Vv 1—cf(u,a) (Figure 
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Synopsis: Temperature-aging data are pre- 
dees on class-A-insulated fractional-horse- 
power motor stators, determined at 200, 
160, and 135 degrees centigrade. Of par- 
p ticular interest is the relative aging time to 
failure at the different temperatures and the 
resultant temperature-aging curve. This 
_ curve shows a slope of 10 to 15 degrees centi- 
grade increase in temperature to halve the 
aging time to failure in the temperature 
_ range covered, 135 to 200 degrees centigrade. 
’ 
{ . ; 
HE question of the rate at which mo- 
__ Ff tor insulation ages due to the tempera- 
ture to which it is exposed was brought 
actively to the fore several years ago’? 
by discussion concerning methods of rat- 
ing machines whose normal load cycle was 
intermittent. Many such are encountered 
in air conditioning, welding, and other ap- 
plications governed by automatic con- 
trols. In such intermittent operation the 
temperature of the motor varies, depend- 
ing upon the load cycle to which it is sub- 
jected. Itis desired that the effect of such 
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Temperature-Aging Tests on Class-A- 
Insulated Fractional-Horsepower 


Motor Stators 
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temperature variation be not greater, as 
regards aging of the insulation, than the 
continuous temperature for which the 
motor was designed. In order to know 
this, it is necessary to have a knowledge 
of the rate of aging at different tempera- 
tures. This is really a demand for a knowl- 
edge of the aging temperature charac- 
teristic of insulation such as is shown in 
Figure 6. 

To obtain such a temperature-aging 
characteristic, we must carry out our tests 
at more elevated temperatures, starting 
perhaps much higher than those in which 
we are interested, and, through simul- 
taneously started tests at a number of 
temperatures between this and our oper- 
ating range, gradually accumulate the 
data from which our life-temperature 
curve may be drawn as far down toward 
the operating range as the results lead us 
to continue. 


Method of Test 


: 


The question of type of test must next 
be answered. The actual operation of 
motors of even moderate size, under load 
in numbers sufficient to yield statistically 
reliable results, becomes costly and sub- 
ject to a number of causes of motor fail- 
ure, such as bearings, starting switches, 
and so forth. 

If we wish to study the influence of 
temperature on the insulation alone, it is 
desirable that the tests be conducted so 
that they are not complicated by these 
additional sources of failure which arise 
in an actual running test. 

In the past! this has been attempted by 
constructing samples of a variety of kinds, 
aging them at a number of selected test 
temperatures, and periodically making a 
number of tests and measurements of 
properties, usually destructive. The 
study of these results enabled one to plot 
the deterioration of these arbitrarily 
selected properties in terms of time and 
temperature, and, with some approxima- 
tion, to arrive at a temperature-aging re- 
lation. One of the present authors gave 
the results of such a study several years 
ago.! Such tests involve doing things to 
the sample of insulation such as breaking 
it, bending it, or otherwise maltreating it. 
Since service does not involve these fac- 
tors in similar kind or degree, one usually 
finished his labors with a curiosity as to 
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200 degrees centigrade aging tests on class-A-insulated stators, type N 


Amplitude of sine component of higher 
harmonics 


4 sin (m/3) 
a m(m?—1)(cos a— cos (u+«a)) 


= 
[cos a cos ma— cos (u+a) cos m(u+a) + 


m sin a sin ma—m sin (u+a) sin m(u+a) ] 


Amplitude of cosine component of higher 
harmonics 


4I sin (m7/3) 
T "‘m(m?—1)(cos a— cos (u+ta)) 


bm = 


[cos a sin ma— cos (u+a) sin muta) — 
msin a cos ma+m sin (u+a) cos m(u+a)] 


Amplitude of the resultant for each of the 
higher harmonics 


hn= V am? +B” 

The amplitude of the fundamental of 
the theoretical line current wave, that is, 
with no phase control (a=0) and no 
overlap (u=0) is 

2/31 


Tv 


All amplitudes may be expressed in per- 
unit values using the amplitude of the 
fundamental with no phase control and 
no overlap as a base by dividing the above 


2./3I 
=i 


b,=0 


n= 


equations by ——— 


Refer to references 2, 3, and 5 for sym- 
bols not defined in text. 
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90 
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Figure 2. 160 degrees centigrade aging tests 
on class-A-insulated stators, type N 


Nai Average life=77.9 days 


o=13.8 days 


what the actual service life at the test 
temperature might have been. 

The present tests followed a course in- 
termediate between the two alternatives 
outlined above, with the full recognition 
that the results could not be directly used 
to predict motor life in service, but hope- 
ful that some light might be thrown on 
the temperature-aging relationship, even 
though only in a proportional manner. 
Recognizing that the completely wound 
and insulated stators of fractional-horse- 
power induction motors are both low cost 
and convenient specimens, and ones which 
represent a very widely used kind of class- 
A insulation, it was decided to use these 
for the test specimens. Exploratory 
tests and previous experience led us to 
choose aging temperatures of 200, 160, 
135, and 115 degrees centigrade. To de- 
termine when these stators had tempera- 
ture-aged to a nonserviceable condition, 
selected groups were removed from the 
aging ovens periodically and in turn as- 
sembled with the other parts of the motor 
(squirrel-cage rotor, end shields, bearings, 
and suitable switch arrangement), and 
subjected to an actual and severe operat- 
ing test. This test consisted of a one-hour 
period of operation at no load, and ap- 
proximately full-load heating, with a sud- 
den and complete reversal in rotation 
from full speed every two minutes. On 


Figure 4. 200 degrees centigrade aging tests 
on class-A-insulated stators, type M1 
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successful completion of this operation 
test the stators were restored to the aging 
oven for a continuation of the aging test. 
When the aging had proceeded to the 
point at which failures began to be ex- 
perienced, tests were made more often. 
Proceeding in this way, an aging time was 
determined which reduced the insulation 
to such a state of embrittlement and 
crumbliness that physical separation was 
no longer afforded the conductors, and 
short circuits, or grounds, resulted. This 
aging time we call the time to failure of 
the insulation at that temperature for 
the specific conditions of the test. 


Results 


Figures 1, 2, and 3 show the results 
which have been obtained to date at 200, 
160, and 135 degrees centigrade for one 
type of class-A-insulated stator, which we 
will, for purposes of identification, call NV. 
Figures 4 and 5 show the results at 200 
and 160 degrees centigrade on another 
type of class-A -insulated stator, which we 
will designate M1. Figures 8 and 9 show 
the results at 200 and 160 degrees centi- 
grade on another type of class-A-insu- 
lated stator, designated M2. Stators M1 
and M2 are similar except for winding dif- 
ferences. 

These figures are similarly drawn and 
show: 


1. The time for each stator at which test 
runs were made. 


2. The time of the test run at which failure 
occurred; this is called the ‘‘time to failure” 
at that stator. 


3. The average time to failure of the group 
of stators tested at each temperature. 


TIME TO FAILURE — DAYS ok 


{0} 
90% ZONE = 


® 
Rp 
a 


Figure 3. 135 degrees centigrade aging tests — 
on class-A-insulated stators, type Ns ~ 
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4, The root-mean-square deviation, o, of 
the time to failure of the individual stators 
from that of the group average. This is the 
customary statistical measure of the dis- 
persion of test results. 


5. A normal distribution curve calculated 
from the root-mean-square deviation, o. 


6. The width of the 90 per cent zone or the 
time interval during which approximately 90 
per cent of all the motors fail. This total 
width is 3.29 o. 


We have purposely placed emphasis in 
this presentation on the normal variation 
in the life span, here at least 2 to 1. Life 
is inherently a variable thing, and engi- 
neers must accept this in their motors as 
they do in their own lives. 

Having determined the ‘“‘time to fail- 
ure” of these three types of stators at 
several temperatures, the data can now be 
plotted in the form of the temperature- 
aging characteristic listed at the start as 
the object of our investigation. The av- 
erage times to failure at the several test 
temperatures are plotted opposite each 
temperature. Figure 6 is such a curve for 
the type N stators from 200 down to 135 
degrees centigrade (with another point at 
115 degrees centigrade due to come at 
some time in the future). Figure 7 is for 
the type M1 stators, covering only the 
two temperatures—200 and 160 degrees 


Figure 5. 160 degrees centigrade aging tests 
on class-A-insulated stators, type M1 
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Figure 6. Temperature-aging characteristic, 
class-A-insulated stators, Type N 
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Figure 7. Temperature-aging characteristic, 
class-A-insulated stators, type M1 
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200 degrees centigrade aging tests 
on class-A-insulated stators, type M2 


Figure 8. 
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to failure 
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centigrade, and similarly Figure 10 for the 
type M2 stator. 

At the present time after 660 days 
elapsed time since starting, the tests on 
the M1 stators at 135 degrees centigrade 
have yielded five failures in 30 stators, 17 
per cent. The 135 degrees centigrade 
point may thus be seen as lining up fairly 
well with the trend outlined by the two 
higher temperatures. 


Conclusions 


A method of studying the temperature- 
aging characteristics of class-A-insulated 
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Figure 9. 160 degrees centi- 
grade aging tests on class-A- 
insulated stators, type M2 
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fractional-horsepower motor stators has 
been presented. The results available to 
date cover the tests made at 200 and 160 
degrees centigrade and some results at 135 
degrees centigrade. The tests are being 
continued at lower temperatures so that 
this paper is in the nature of a progress 
report. The following general statements 
can be made as to the comparative effects 
of various temperatures. 


1. Below 200 degrees centigrade there is no 
temperature which, if exceeded, causes an 
abrupt failure of the insulation; that is, the 
temperature-aging curve of the insulation 
of these motors is uniform and continuous. 


2. Operation at higher temperatures than 
normal results in a shortening of the time to 
failure of the insulation. Figures 6 and 7 
agree that a temperature increment of 10 or 
11 degrees centigrade is required to cut the 
time to failure of the stators in half. This 
agrees nicely (without the implications of 
accuracy) with the eight-degree value 
widely used for transformer insulations.%9 
Figure 8 gives a corresponding temperature 
increment of 15 degrees centigrade. The 
value has not yet been established below 
the 135 degrees centigrade range in these 
tests. 


3. The width of the “90 per cent zone”’ (or 
zone containing 90 per cent of the values) 
is shown to emphasize the normal spread of 
results. Its width is obtained from Figures 
1 through 5. 


4. The normal time to failure of the insula- 
tion of duplicate specimens has a spread of 
tO 1: 


It will be noted that no conclusion as to 
the probable actual operating life of the 
insulation for any given temperature has 
been drawn from these tests. This is for 
the reason that, as pointed out previously, 
the tests have been made in such a man- 
ner as to single out the effects due to 
temperature and to exclude other effects 
which would be met with in actual opera- 
tion of the motor in service. This might 
include the effect of moisture, the effect 
of dirt, oil, or various gases in the atmos- 
phere, the effect of vibration which might 
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Figure 10. Temperature-aging characteristic, 
class-A-insulated stators, type M2 


be encountered with various types of 
loads, changes in ambient temperature, 
intermittent loading, and other factors, 
some of which may tend to increase and 
others to decrease the life in actual opera- 
tion. 
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Theory of the Brush-Shifting A-C | 
Motor— Ill 


Power-Factor Correction 


A. G. CONRAD 


MEMBER AIEE 


Synopsis: In the preceding papers! of this 
series a method was described for determin- 
ing the circle diagram and predicting the 
characteristics for the brush-shifting motor 
as it is used when the brushes are shifted 
to control speed. This paper extends the 
earlier work to show how the motor can be 
used to correct power factor. The range 
and limitations for this condition of opera- 
tion are revealed from the circle diagram 
of the motor which has been developed and 
verified experimentally. Characteristics of 
the motor when used in this manner are pre- 
sented. 


Brush Settings for Power-Factor 
Correction 


NDER normal operation of the brush- 

shifting a-c motor, the two sets of 
brushes which carry the secondary cur- 
rent of the stator coils are coupled me- 
chanically so that one set of brushes 
cannot be moved without a correspond- 
ing motion of the other in the opposite 
direction. Thus, the voltage introduced 
in the secondary circuit from the com- 
mutator, while it may vary in magnitude 
with speed adjustment, does not vary 
in phase relative to the voltage induced in 
the stator winding. Figure la is a 
schematic diagram of a two-pole, three- 
phase brush-shifting motor. The hori- 
zontal projections of the vectors repre- 
sent the instantaneous voltages induced 
in the adjacent coils. The flux, @, 
rotates at slip speed, say clockwise, 
relative to the stator. Brushes Aj, Ao, 
and A; are mounted rigidly on an adjust- 
able frame so that a motion of the frame 
will move them all through the same 
angle; brushes B,, By, and B; are mounted 
similarly and also move in unison. These 
two frames are coupled mechanically so 
that when making speed adjustments, 
the brushes are always equal distances 
from the center lines drawn between 
them. The points of maximum and 
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minimum potential about the commutator 
rotate with the field relative to the stator 
so that the voltages at the brush pairs 
are at slip frequency. If the center lines 
drawn midway between the brushes A; 
and B,, A, and Bs, and so on, remain 
fixed relative to the stator, the voltages 
collected from the commutator are fixed 
in phase relative to the induced voltage 
in the stator. The magnitude of this 
voltage, /y,, will vary with the degree 
of separation of the brushes but is ap- 
proximately independent of speed for a 
given primary voltage. Interchanging 
the positions of the brushes A, to By, 
B, to A;, and so on, will change the phase 
by 180 degrees, that is, reverse the polar- 
ity of the commutator voltage, Ei. 


If the coupling between the frames sup- 
porting each set of brushes is removed, 
either set can be moved in either direc- 
tion independently of the other. The 
various possible brush settings provide 
the motor with an extremely wide range 
of characteristics. If the flux, ¢, is 
rotating clockwise relative to the stator, 
and the two frames are moved opposite 
to the direction of rotation of the flux 
with respect to the stator by 90 degrees 
from the position shown in Figure la 
(see Figure 1b), the voltage, Ey, will be 
advanced by 90 degrees inphase with 


Figure 1 


Brushes set to make £,, 180 


respect to the voltage, Ee, induced in the 


stator. This procedure will advance’ the 
center lines designating the brush posi- 
tions by 90 degrees relative to the stator. 
The phase of the voltage, En, collected 
from the commutator can be varied only 
by altering the mean position of the 
brushes as indicated by these center lines. 

Figure 2a shows the voltage, E2, in- 
duced in one phase of the secondary 
when brushes are set as in Figure la, 
that is, when E, is in opposition to Fi. 
Figure 2b shows what occurs when both 


sets of brushes are rotated in a direction ~ 


so as to advance Ey, by 90 degrees as 
illustrated in Figure 1b. Since both 
voltages, E, and Ey, are in series, and 
force currents through the same im- 
pedance, J, and I of Figure 2b must lag 
their voltages by the same angle. I, 
and J, are the currents flowing in the 
secondary resulting from the voltages E» 
and Ey, respectively. The two currents 
and their circle loci are shown. If the 
center lines are allowed to remain in 
their new positions of Figure 1b, and the 
two sets of brushes are moved across the 
center lines, that is, brushes A and B 
interchange positions, the voltage, Eu, 
from the adjusting winding will be shifted 
in phase by 180 degrees from the direction 
shown in Figure 2b, and Fy, will lead EF, 
by 90 degrees as shown in Figure 2c. The 
current J» lags the voltage E, by the same 
angle that the current J); lags the voltage 
Fy. 5 

If the motor is designed so that the 
effective number of series turns in the 
adjusting winding is half the effective 
number of stator turns, the largest value 
of the voltage, Fy, is half the stator 
voltage, E, at standstill. If in Figures 
2a, 2b, and 2c, the brushes of each phase 
are spaced 180 electrical degrees apart on 
the commutator, E;; will have its largest 


degrees out of phase with E 


(b). 


a) Brushes 
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shifted 
lead E, by 90 degrees 


to make Ey (b) 
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ca). Eu 180 degrees out of (b). Eu lagging Fe by (co. En 
90 degrees 


phase with Fo 


Figure 2. Vector diagrams of secondary volt- 
ages and currents when brushes are set to make 
value. The largest value of J); (its value 
at synchronous speed) and the largest 
value of J; are as determined in part I of 
this series. The resultant secondary 
current is the vector sum of J, and Jy, 
and, as is shown in Figures 2b and 2c, 
this current is never zero whenever Ey, 
has a quadrature component relative to 
Ey. The locus of the extremity of the 
vector representing the sum of J. and J); 
is derived in appendix A, and is found to 
be another circle shown in wide lines in 
Figures 2b and 2c. 

In Figure 2b it is evident that the total 
current flowing in the secondary lags the 
voltage, E2, induced in the secondary by 
a relatively large angle at all times. In 
Figure 2c the total secondary current 
leads the voltage, E2, over a considerable 
portion of the circle. These features 
enable the machine to generate power at 
a lagging power factor when used as a 
generator excited from a synchronous 
source. Furthermore it can supply these 


lagging loads over a wide range of speeds. 
This paper is primarily concerned with 
power-factor correction, and, therefore, 
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(b) (c) 


leading EF, by 90 
degrees 


will deal only with conditions illustrated 


in Figure 2c, rather than those of Figure 
2b. 


Primary Currents With 
Power-Factor Correction 


The phase current in the primary of 
this motor can be determined from a 
knowledge of the magnetomotive forces 
in the adjusting winding and the stator 
winding for different values of slip. For 
each current J, and Jy;, shown in Figure 
2c, there is a corresponding magneto- 
motive force produced in each of these 
windings. The magnetomotive force pro- 
duced by the current J, of Figure 2c, 
in the stator is represented by the vector 
oa of Figure 3. Likewise, the magneto- 
motive force produced by the current J, 
of Figure 2c in the stator is represented 
by the vector ob of Figure 3. The total 
magnetomotive force produced in the 
stator by the currents J, and J); is there- 
fore the vector oc of Figure 3, which 
is the sum of oa and ob. The locus of this 
stator magnetomotive force, oc, is defined 
by the circle dce. With this particular 
brush setting on a three-phase motor, 


Figure 3. Vector 

diagram of motor 

when used to correct 
power factor 
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there is a magnetomotive force produced 
by these same currents, J. and Jy, flowing 
in the adjusting windings. This mag- 
netomotive force is 90 degrees behind the 
magnetomotive force that these currents 
produce by flowing in the stator. The 
vector oc’ therefore represents the ad- 
justing winding magnetomotive force 
when the stator magnetomotive force is 
oc. The locus of the vector oc’ is the 
circle d’c'e’. The proportions of this 
circle are such that 


With the brushes set as described here, 
motor action results only at speeds below 
synchronism. For such speeds, mag- 
netomotive forces in the stator and ad- 
justing windings are cancelled by equal 
and opposite magnetomotive forces in 
the primary. In Figure 3, the stator 
magnetomotive force co is counteracted 
by the component primary magneto- 
motive force oc”, and the adjusting 
winding magnetomotive force oc’ is 
counteracted by the component primary 
magnetomotive force oc’’’. The total 
magnetomotive force of the primary that 
is necessary to counteract the magneto- 
motive forces of the adjusting winding 
and the stator is the sum of oc” and oc’’’, 
which is oc’’’’. The locus of the extremity 
of this vector oc’’’’ is defined by the 
circle d!""c'""e"!"". The primary mag- 
netomotive force must be produced by a 
current which is proportional to and in 
phase with oc’’’’. In Figure 3 this cur- 
rent is shown as the vector J,,;. The locus 
of I,, is another circle having a center 
coincident with the center of the circle 
d’'''c''""e'""', The locus of the primary 
current can be obtained by adding to this 
current J,,, the current po. The current 
po is the no-load current taken by the 
motor when the brushes are set to make 


b 275-4 


és Locus oF 1 


+_ 


Figure 4, Characteristic vector diagram of 
motor (primary), E;, 90 degrees ahead of E, 
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Ey, zero. The total current taken by the 
primary, shown on this diagram, is the 
vector J,, and the locus of its extremity 
with respect to the point p is defined by 
the same circle that defines 7,,. This 
circle has a diameter passing through the 
point o at an angle 7, the tangent of which 
is equal to the ratio of the effective num- 
ber of turns in the adjusting winding be- 
tween brushes to the effective number of 
stator turns, N 4w/ Ne. 

A change in the brush setting will 
change the total resistance and reactance 
of the total secondary circuit and, con- 
sequently, change the diameters of both 
the circle loci of Jj; and Jy. With the 
brushes set to obtain the characteristics 
illustrated in Figure 3, the motor will 
take a leading current, /;, with respect to 
the impressed voltage, Vi over a con- 
siderable range of loads. For such con- 
ditions of load, it can be used to correct 
the power factor of the line supplying the 
motor. 


Determination of Characteristics 
When Motor Is Used to Correct 
Power Factor 


On the basis of the theory and as- 
sumptions of part I of this series, it was 
shown that the currents J) and J;; could 
be expressed thus: 


sslinS 

In= (1) 

RRL Ry Si, ket te 
In=— zl (2) 
ee 

Ee CG aoa. 
Therefore 
I. ELS 
oe (3) 


In Ex 


If the brushes supplying each stator phase 


(a) 


Figure 5 


(a). Circle diagram obtained from no-load 

tests. Encircled points indicate primary cur- 

rents taken by motor under load conditions 

(determined by loading) 
©---0O---o Characteristics 
obtained by loading 


(b) and (c). 


Characteristics predicted from the 
circle diagram 
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are set so that Ey, equals half ,.f2, as is 

illustrated in Figures 2b and 2c, then 

ssEaS 
Eu 


DS (4) 


At standstill S equals one, and 


ie (5) 
Ty 


Since the ratio of Zomax to Tiimax is, from 
equations 1 and 2, 


Tomax = Ro+Raw ) 


Titmax Ey sshotesX A Ww 


a knowledge of the ratio of Rot Raw 
to gAotyAazw is all that is required 
to determine the diameters of the two 
component circles, J, and I, and from 
them the resultant circle defining the 
extremity of the primary current vector 
as described above. At synchronous 
speed Jy is zero and J;; is maximum. If 
the primary currents for standstill and 
for some other speed are known, it is pos- 
sible to determine the characteristic 


ERES 
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(6). 


copper loss curves for the circle diagrams 
as it is done for the two-element induc- 
tion motor. At standstill all the energy 
in excess of the no-load losses is lost in 
the primary and secondary windings, 
while for other speeds these losses vary 
as the square of that component of the 
primary current which is labelled J; in 
Figure 3. This involves the same ap- 
proximation with regard to losses that is 
made in plain induction motor theory; 
namely, that the primary copper loss 
varies as the square of the load component 
of primary current rather than as the 
total primary current. The error intro- 
duced by this approximation in the two- 
element induction motor is negligible. 
The error due to this approximation is 
somewhat larger in this motor than in 
the two-element motor, but not so large as 
to invalidate the method. 

The characteristic copper loss curve, 
bjn, is shown in Figure 4, The point, m, 
determined by measurement of primary 
resistance divides rb into components 
proportional to the primary and second- 
ary losses. The current pb produces a 
primary loss which is represented by mr. 
The loss for any primary current, pf, can 
be represented by kh which in turn can be 
determined by the relationship 


kh=mr (2) 
pb 


The secondary copper loss represented by 
jk can be found in similar fashion. 

The slip is a function of the angle 
(a—y) by which I,+Ji: lags Ey. This is 
also the angle between the vector oc 
in Figure 3, representing the magneto- 
motive force due to J,+/;; in the stator 
windings, and the vector labelled EF», the 
voltage induced in the stator by the air- 
gap flux. The angle a is the phase angle 
between the voltage V; and the primary- 
current component J;,;, or the magneto- 
motive force oc’’’’, This angle varies 
with slip. The angle y is determined by 
its tangent which equals N4y/N2; thus, 
y is independent of slip. The relation 
between slip and (a—+) is given by 


1-( 1 \ (2) & 

tan y Tomax 

1 Tuimax 1 Ss (7) 
tan ny, Tomax as 


This equation is developed in appendix B 
and may be used to determine the slip 
at any point f (see Figure 4) on the circle 
defining the extremity of I,. The speed | 
may be obtained, since speed equals 
synchronous speed times the quantity, 
(1—S). If the motor is loaded so that 
the primary draws a phase current bf in 
Figure 4, the slip will have some value, 
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Input = (¢f) Vi watts per phase 

Output = (jf) Vi watts per phase 

Tron .loss, friction, and windage = 
(th) Vi watts per phase 


Primary copper loss = (hk) Vi watts per 
phase 


Copper loss of stator’ aod adjusting 
winding = (kj) Vi watts per phase 


Efficiency or times 100 per cent 


The slip is determined by the angle be- 
tween of and V; (or between of and oy) 
using the equation (7) 
Speed =(1—slip) (synchronous speed 
in rpm) in rpm 
Torque = 
(jf) Vi (number of phases) 33,000 
2m (speed in rpm) 746 
in pound-feet 


! _ The output torque is zero at the point 
n in Figure 4. For slips less than that 
at mn, power must be supplied to the 

ee through the shaft. At the 

point v, slightly above synchronous speed, 

_all the power into the machine comes by 

way of the shaft. 


> 


Results of Test With Leading 
Commutator Voltage 


In order to check the validity of the 
foregoing theory, a test was made on a 
General Electric BTA, 550—-1,650-rpm. 
4.17-12.5-horsepower, six-pole, 60-cycle 
motor. With the brushés set so that 
the commutator voltage was ahead of the 
induced voltage of the stator by 90 
degrees, the gap between brushes was 
fixed so that the commutator voltage was 
7.8 per cent of the stator voltage at 
standstill. The results of the load test 
and the blocked rotor test are indicated 
by the encircled points on the circle 
diagram of Figure 5a. The theoretical 
primary-current circle locus was deter- 
mined from three no-load readings as 
described in parts I and II of this series. 
It is observed that the diameter of the 
circle lies beneath the horizontal chord 
by an angle of approximately ten de- 
grees. Only about five degrees of this 
shift is accounted for by y (the shift 
caused by the magnetomotive force of 
the adjusting winding). The remainder 
can be attributed directly to the leakage 
reactance of the primary circuit which, 
with high current values, catses the in- 
duced voltage, Eo, in the secondary to lag 
the primary voltage. Figure 5 shows the 
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results predicted theoretically in com- 


parison with the experimentally deter- 
mined results, 


Conclusions 


The advantages of power-factor cor- 
rection on a line supplying a motor are 
well-known. Advantages of power-factor 
correction to the motor itself result only 
when these corrections increase the ef- 
ficiency of the motor or its horsepower 
capacity. The effect of power-factor cor- 
rection on the efficiency of this motor is 
illustrated in Figure 6. Each of the ef- 
ficiency curves shown here was obtained 
by a load test with brush settings that 
provided synchronous speed at no load. 


EFFICIENCY —PER CENT 


fe) 2 4 6 8 10 l2 
OUTPUT— HORSE POWER 


Figure 6. Efficiency as affected by power- 
factor correction 


Brushes separated 

(a). O electrical degrees 
(b). 6 electrical degrees 
(c). 12 electrical degrees 
(d). 18 electrical degrees 


It is evident that the addition of a small 
value of E,, (two per cent of its maximum 
value, that is, a brush separation of ap- 
proximately five electrical degrees) to 
improve power factor will increase the 
efficiency only slightly. Further in- 
creases in Ej, will cause excessive second- 
ary currents and reduce the efficiency. 
It is evident from the theory developed 
here that if the primary exciting current 
is to be reduced the secondary must carry 
an additional exciting current to com- 
pensate for the reduction in the primary. 
Maximum efficiency for a given load will 
occur when the voltage Ei: is adjusted 
so as to make the total copper losses in 
the motor a minimum. Any exciting 
current flowing in the secondary must be 
supplied through the commutator. For 
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some conditions of load this additional 
current will cause poor commutation. 
Thus there is little to be gained from 
standpoint of the motor by setting its 
brushes to improve its power factor be- 
yond the values obtained when Ey is 
made opposite to Eo, 

From information revealed in Figure 5 
it is quite evident that the motor can be 
adjusted to draw various amounts of 
leading current. This feature provides 
the possibility of improving the regula- 
tion and efficiency of the line supplying 
the motor. These curves of Figure 5 
also show the relative high power factor 
obtainable on the brush-shifting motor 
as compared with the ordinary well- 
known two-element induction motor. 


Appendix A 


It can be shown that the locus of the sum 
of I; and J); is a circle as follows: 

The line OP of Figure 2c indicates the cur- 
rent vector representing the sum of J, and 
I. Let x equal the horizontal component 
of OP, and y equal the vertical component 
of OP. Since Jz and J, are always at right 
angles 


OP? =I,?+I? 
or OP? =1,?+T, Wlomaxl timax = 
Tomax! max(sin? 6+ cos? 6) 
But SV ee. sin 6 
I =Tiimax cos 0 
OP? =Iolomax Sin 6+Titiimax cos 0+ 
Jomax! Wimax —Tomax! 11 cos 0—STiimaxl2 sin 6 
(OP Soha sin 6—lIn cos 6) = 
Tuimax(L2 sin @—J: cos 0) +Tomaxl imax 
Ppr= (Tiumax — Lomax) (Iu cos 0@—I_ sin 6) + 
Tomaxl imax 
but x =i cos 6—I» sin 0 
and OP?=x?+ 3? 
xA={-y8 = (imax —TIomax)%¢-+ Lomax 11max 
(Tomax —Iiimax)? 
4 


(Tomax —Timax)? 
4 


Tomax —Tiimax 3 Tomax t+Jiimax 2 
2 his ia EAs 5 tool Mpls HS Bes eos 
y +(x+ 9 ) ( 9 ) 


This is the equation of a circle of radius 
(Tomext+Jiimax/2) with its center at *= 
—1/>(Iomax—Jiimax) and y=0. A similar 
method may be used to show that the locus 
of P in Figure 2b is also a circle. 


yy? +x? + (Lomax —Liimax) = 


= Tomax] 1imax ca 


Appendix B 


In order to establish equation 7, it is neces- 
sary to refer to Figure 3. In this figure 
(a—vy) is the angle by which oc lags Ep. 
The vector oc represents the magnetomotive 
force produced in the stator by J2+Ju. 
The magnetomotive forces produced in the 
stator by J, and J); separately are ob and 
oa respectively. The currents Ty, Io, and 


TRANSACTIONS 505 


I,+J; with proper change in scale could be 
represented by oa, 0b, and oc, If this is 
done, and if the point ¢ is determined by the 
rectangular co-ordinates « and y, then 


x 
tan (a—y)=—- 


Since oe now represents Jomax and od repre- 
sents Tuimax, if 0 is the power factor angle of 
the secondary circuit: 


TI, Wie sin 0 
Tui =Tjimax cos 0 


In Figure 3 


x=To sin 0—J\, cos 0 
y=I_ cos 0+Ji1 sin 0 


so 
x Ii cos 0—I» sin 0 
tan (a—y) = — -=——__——— 
y Jn sin 0+] cos 0 
or 
I 
| ieee tan 0 
tan (a—y)= £ I 
2 
tan 06+— 
Tn 
From above 
Ts Tomax 
SS 
Tn Timex 


and from equation 3, 


rey gee 
lea tam 
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therefore 


Ditmax s3tnS 
t G=——[ —— 
an I ( ) 


2max By 


Ey Naw 


= 


=tan y, it follows that 


Since 
s3t-2 2 


suns S ) 
tan 0= oar 
Torna tan ny: 
tan vy Tomax 
tan (a—y) se S/R 
Ilmax 
——+1]S 
(a 5) (Gan 1 ) 


Appendix C. List of Symbols 


E\u—Voltage generated in adjusting 
winding between brushes supplying 
one phase of stator 

Fy—Voltage induced in one phase of 
stator 
sgl4o—Stator voltage at standstill 
¢—Total flux produced by primary 
windings 
a—Angle between Vi and i, 


y—Angle tan7! 
2 


(a—y)—Phase angle between total second- 
ary phase current and voltage in- 
duced in stator 

Ji,—Load component of primary cur- 
rent 
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I,;—Total primary phase current 

Ti:—Current flowing in stator and ad- 
justing winding resulting from the 
voltage Ey; 

T.—Current flowing in stator and ad- 
justing winding resulting from the 
voltage E» 

Tiimax—Maximum value of I and thus 
diameter of In circle 

Tomax— Maximum value of J, and thus 
diameter of J, circle 

N.—Effective number of stator turns 

per phase 

Naw—Effective number of adjusting- 
winding turns per phase 

Raw—Resistance of adjusting winding 
per phase 

R.—Resistance of stator per phase — 

S—Per cent slip 

6—Phase angle between Ji: and Ai1, or 


I, and FE, 
V:i—- Voltage impressed upon one phase 
of primary 
ssX aw—Adjusting-winding reactance at 
standstill 


ssX2—Stator reactance at standstill 
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Synopsis: The preceding papers of this 
series presented an analysis of the brush- 
shifting a-c motor. Parts I and II dealt 
with the case when the voltage introduced 
into the stator coils from the commutator 
_ was collinear with the voltage induced in the 
: stator coils by slip. Part III dealt with the 

case when the voltage introduced into the 

stator coils from the commutator was in 
- quadrature with the induced voltage. 

This paper extends the earlier analysis to 
include all the possible phase positions of the 
voltage introduced into the stator coils from 
the commutator. Under these conditions 
power factor and speed are controlled simul- 
taneously. Methods for constructing the 

_ circle diagram for these conditions are given, 
and the characteristics of the motor pre- 
_ dicted from the circle diagram are compared 
with the characteristics obtained by labora- 
' tory tests. 


T has been demonstrated! that the 
locus of the extremity of the current 
vector of the brush-shifting motor is a 
circle when the brushes are set for speed 
adjustment, that is, when the voltage, En, 
collected from the commutator is collinear 
with the induced voltage, E», in the sta- 
tor. Further analysis? has shown that 
when the brushes are set to make /); per- 
pendicular to E, for the purpose of power- 
factor correction, that the locus of the ex- 
tremity of the current vector is also a cir- 
cle. An analysis of these circles has 
provided’? a means of explaining the 
operation of the motor for these special 
brush settings and of predicting all of its 
characteristics from no-load measure- 
ments. 
The developments described above 
have been made from an analysis of: 


(a). The secondary currents I, and J; 
produced by the voltages Ey, and £» re- 
spectively. 

(b). The magnetomotive forces produced 
by these currents flowing in the stator and 
the adjusting winding. 
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(c). The resultant magnetomotive forces 
produced in the primary winding as a result 
of the secondary magnetomotive forces. 


(d).. The primary currents associated with 
the required primary magnetomotive forces. 


This paper, employing the same meth- 
ods of analysis, extends the theory of the 
brush-shifting motor and explains its op- 
eration when the brushes are shifted to 
control speed at the same time that the 
motor is used to correct the power factor 
of its supply. Specifically, it deals with 
the operation of the motor when the 
brushes are set to make FE); out of phase 
with the standstill value of EF, by any 
angle 8. An understanding of the devel- 
opments presented here presupposes a 
knowledge of the material presented in 
the preceding papers of this series.!~$ 


Figure la shows a representative vec- 
tor diagram of the secondary currents 
Ty; and Jy, and their loci when they are 
produced by the voltages Ey, and F; 
which are no longer collinear. Appendix 
A demonstrates that the sum of J;; and I, 
for this condition is a vector the locus of 
which is defined by another circle. This 
circle, representing the locus of the sum 
of J, and Jy, is shown in Figure la. For 
the condition shown, the machine will run 
above synchronous speed at no load, and 
the power factor will be leading. The cur- 
rent vectors will follow the circle loci 
shown when the speed is varied from syn- 
chronous speed through higher speeds to 
infinite speed—infinite negative slip. 
Since the diameter of the J,; circle coin- 
cides with Ey, swinging Hy, to various 
phase positions moves the J), circle along 
with it. For values of 6 ranging from 0 
to 180 degrees, a current is reflected into 
the primary which has a leading compo- 
nent over the operating range of the motor. 
The no-load speed of the machine is above 
synchronous speed if 6 is between 0 and 
90 degrees, as in Figure 1, and below syn- 
chronous speed if 8 is between 90 and 
180 degrees. 

When the brushes are set to make Ey 
in the same direction as ,/2, (8=0), the 
center lines of corresponding stator and 
adjusting winding coils are collinear, and 
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their magnetomotive forces aid, With 
this reference position of Eu, B is also the 
angle by which the magnetomotive force 
of the adjusting winding lags the magneto- 
motive force of the stator coils. This is 
the angle in electrical degrees through 
which it is necessary to rotate the brushes 
about the commutator in order to shift 
Ey by 6 degrees (see Figure 2), Only 
the phase position of Ey, is changed if the 
brushes are all rotated about the commu- 
tator by the same angle, keeping their 
relative spacing unchanged. Positive 
values of 6 are obtained by moving the 
brushes in the direction of rotation from 
the position where 8=0. Values of mag- 
netomotive force and of Ey, identical to 
those at any given setting of the brushes 
can be obtained by rotating all brushes 
360 electrical degrees around the com- 
mutator, or by interchanging the positions 
of all brush pairs, and moving them all 
180 electrical degrees around the com- 
mutator, 


Determination of the Primary 
Currents 


The primary current resulting from the 
secondary currents shown in Figure la can 
be obtained from a consideration of the 
various magnetomotive forces involved. 
If the resultant flux crossing the air gap is 
to remain unchanged (so that the gener- 
ated voltage will remain approximately 
equal and opposite to the applied volt- 
age), the magnetomotive forces produced 
by the secondary currents flowing in the 
stator and the adjusting winding coils 
must be cancelled by component magne- 
tomotive forces produced by component 
currents flowing in the primary coils. 

While the polyphase current J2+Ju, 
which flows in the stator coils also flows 
in the adjusting winding coils, the mag- 
netomotive forces produced by these two 
sets of coils in series are not, in general, in 
the same time phase with respect to the 
primary. This is because the adjusting 
winding coils are mechanically displaced 
from the stator coils by f electrical de- 
grees, as shown in Figure 2. If the 
brushes have been shifted to retard Ey, by 
g degrees (which advances the primary 
current), the magnetomotive force of the 
adjusting winding lags the magnetomo- 
tive force of the stator by 6 degrees, so 
that the primary current cancelling the 
magnetomotive force of the adjusting 
winding lags the primary current which 
cancels the magnetomotive force of the 
stator by 8 degrees. 

Figure 1b shows a vector diagram of 
the components of the primary current 
necessary to cancel the magnetomotive 
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force produced by the secondary currents 
of Figure la flowing in the stator. Figure 
2 shows that this component of primary 
current is obtained by a mirror reflection 
of the secondary current while the motor 
is running above synchronous speed, and 
by a 180-degree reflection of the secondary 
current when the machine is running be- 
low synchronous speed. Figure 1c shows 
a vector diagram of the components of 
primary currents which cancel the mag- 
netomotive forces of the secondary cur- 
rents flowing in the adjusting winding. 
Figure 1d shows the magnetizing com- 
ponent of the primary current. Figure 
le shows the sum of these component 
currents, or J;, the total primary current. 
At a given load, the currents reflected 
from the adjusting winding and the stator 
winding are separated by the angle ~. 
Their sum is separated from the compo- 
nent reflected from the stator by the angle 


Naw sin B 


VS (tt SS 
No+Naw cos 6 


The currents reflected into the primary 
from the stator and the adjusting winding 
bear the ratio N». to Nay. 

By adding the reflected currents vectori- 
ally, the load component of the primary 
current is obtained. The ratio of trans- 
formation between the secondary and the 
primary can be obtained from the equa- 
tion . 


Mhr= 
\/ (Na+? cos B)?-+(N aw sin B)? Ie+-In) 


Obtaining the Circle Diagram 


For specific cases, two general methods 
have been considered for obtaining the 
circle locus of the primary current with- 
out loading the machine. One method 
makes use of the fact that a circle is 
uniquely determined if two points and 
the slope of the diameter through one of 
the points is known. This method is 
commonly used to obtain the circle dia- 
gram for the two-element induction mo- 
tor. It is also applicable for the brush- 
shifting a-c motor for any value of Ey. 
The two points commonly used are the 
extremities of the no-load and blocked- 
rotor current vectors. In the two-element 
induction motor, the diameter through 
the no-load point is 90 degrees behind the 
impressed voltage, so the circle can be 
constructed from these two currents. 
However, the presence of Ey in the 
brush-shifting a-c motor causes a shift of 
the diameter of the secondary current 
locus through the no-load point so that it 
is no longer perpendicular to EH, (or the 
applied voltage). As is seen in Figure 
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la, the tangent of the angle of slope of 
this diameter is 


11 Ex 
== Coss cos B 
R : : . ssHe 
ssn, Eu, Ro Lae 
— =—-|-—— ‘sin 
x + F sin B ie B 


where R and X are the total resistance and 
reactance at standstill referred to the 
secondary. The voltages and @ in this 
equation may be determined by opening 
the brush leads and measuring Ey, 5/2, 
and Fy, ty. B is determined by form- 
ing a triangle of these three voltages. 
The quantities can also be determined 
directly if the brush positions and turns 


Figure 1 Ea 


ratio are known. The remaining term, 
R/X, can be evaluated from the blocked 
rotor current. At standstill, the resultant 
secondary current, Ji+J:, lags the re- 
sultant secondary voltage, Eu+F2, by 
an angle the tangent of which is X/R. 
This is the same angle that J,, lags Vi at 
standstill. Hence, X/R is the tangent of 
the angle between J,, and V; at blocked 
rotor. The corresponding diameter of the 
primary current locus lags this diameter 
of the secondary current locus by the 
angle y», which was defined earlier. 
Erecting a perpendicular bisector to 
the chord joining the no-load and the | 
blocked rotor current extremities gives 
another diameter, and the center of the 


SLOPE OF THE 
DIAME TER THROUGH 


Ip 
Ey THE NO LOAD POINT 
Ti) MAX = IS THE NEGATIVE 
Ro + Raw OF THE SLOPE OF 
DIAMETER AB 
(a). Secondary currents 
ss€2 = 
Vy (6). Components of primary current 
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(e). The sum of the component cur- 
rents in the primary (e) 
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which cancel the magnetomotive force 
of the secondary currents in the stator 
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(c). Components of primary current which 
cancel the magnetomotive force of the second- 


ary currents in the adjusting winding 


(d). The magnetizing current 
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primary-current circle locus lies at the 
intersection of these two diameters. 
_ This method for determining the locus 
of the primary current, from the two 
points and the direction of the diameter 
through the no-load current extremity, 
involves the same approximation that is 
made in ordinary induction-motor theory 
—that this diameter of the circle passes 
through the no-load point. Actually, 
when the machine is running with no out- 
put torque, it is loaded with rotational 
losses. The circle should be constructed 
with the diameter drawn through the 
true no-load point, which can be found by 
_ supplying these losses mechanically, This 
refinement produces almost no change in 
the circle diagram. 
The circle can also be located by ob- 
. taining three points, rather than by two 
points and a diameter. This method, 
_ which was discussed for specific cases in 
the earlier papers,'? is valid for all brush 
positions, since the current locus is al- 
_ ways a circle, and three points determine 
a circle. The necessary data are: 


_(a). The no-load input current and watts 
at normal voltage. 


(6). The standstill input current and watts 
at reduced voltage. 


(c). The no-load input current and watts 
at reduced voltage, with the machine run- 
ning at some speed between the no-load 
speed and standstill. 


This method eliminates the inaccuracies 
introduced by primary leakage reactance 
and rotational losses. 


Characteristics From the 
Circle Diagram 


When the locus of the extremity of the 
primary-current vector has been es- 
tablished by the methods discussed above, 
the characteristics of the motor can be 
predicted, using methods similar to those 


(a). Schematic diagram of the motor, showing 
the brushes set to retard Ey, by 8 degrees. 
The magnetomotive force of the adjusting 
winding is B degrees behind that of the stator 
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SECONDARY CURRENT 
IN THE STATOR 


PRIMARY CURRENT 
REFLECTED FROM 


used’ n parts I, II, and III of this series. 

In the ordinary induction-motor the- 
ory, it is assumed that the total copper 
loss of the motor is the loss produced by 
the no-load current plus the loss pro- 
duced by the load component of current 
that is reflected from the secondary, The 
portion of the primary copper loss pro- 
duced by the no-load current is grouped 
with the other no-load losses, and the 
sum of these is assumed to be constant. 
These assumptions involve two approxi- 
mations, neither of which seriously af- 
fects the accuracy of the method for the 
two-element induction motor. First, it 
assumes that the current flowing in the 
primary is directly proportional to the 
current in the secondary, so that the di- 
vision of copper loss between the primary 
and secondary is the same for all loads. 
Second, it assumes that the loss for two 
component currents flowing in a conduc- 
tor simultaneously is equal to the sum of 
the losses produced when each component 
flows separately. 


Cinag? in) R, = (Imag +], L) Ry 


This is true only when the component 
current vectors are in quadrature. Over 
the operating range of the ordinary in- 
duction motor, the magnetizing current is 
nearly at right angles to the reflected 
component, J,,;, so that the error due to 
this approximation is small. However, 
in the brush-shifting motor, the voltage 
Ey, may be introduced into the secondary 
in such a phase position that the phase 
angle of the reflected current may vary 
widely with respect to the magnetizing 
current, introducing quite appreciable 
errors. The loss curves for the machine 
can be located without these approxima- 
tions. Referring to Figure 3, for some 
general running condition when the input 
current is pf, the current flowing in the 
secondary is proportional to of, where po 
is the magnetizing current. po can be 


(b). Effective currents, representing the 
magnetomotive forces of the stator, adjusting 
winding, and primary windings 
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determined by running the machine at no 
load with the brushes set to make Ey 
zero. The primary copper loss is propor- 
tional to (pf)?, and the secondary copper 
loss is proportional to (of)*. When the 
rotor is blocked, the total input to the 
motor is used in supplying losses. Assum- 
ing that the sum of the iron, friction, and 
windage losses remains constant from no 
load to blocked rotor, the total copper loss 
can be determined for blocked rotor. 
From the resistances of the two windings, 
the division of this loss between the pri- 
mary and the secondary can be deter- 
mined, Thus, if the point m is located 
so that rmXV, is the primary copper 
loss per phase for a primary current pb, 
and mb V, is the secondary copper loss 
per phase for a reflected current 0b, then 
for a primary current pf, the primary cop- 
per loss per phase is hk X V where 


Figure 3. Locus of the primary current, and 

curves dividing the power component into the 

parts allocated to the output and the various 
losses 


and the corresponding secondary loss is 
kj X Vi where 


A of? 
kj= mb. 
This method can be used to determine 
the copper losses at no load. By sub- 
tracting these copper losses from the no- 
load input, the friction, windage, and iron 
loss is determined. 

Using these relations, curves can be 
constructed that divide the power com- 
ponent of the input current into the por- 
tions that are allocated to the output and 
the various losses. Thus, in Figure 3, for 
an input current pf: 


Input =¢f X Vi watts per phase 

Output =jfX Vi watts per phase 

Friction, windage, and iron loss=thX Vi 
watts per phase 

Primary copper loss=hkXVi watts per 
phase 

Secondary copper loss=kjX Vi watts per 
phase 
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Efficiency = if 

if 
Power-factor = wl 
bf 


When Fy; has no quadrature compo- 
nent with respect to ;;H2, (En sin 6=0), 
the slip is equal to the secondary loss 
divided by the total power across the gap, 
or 

od seo(1?R) 

~ developed power + seo (J?) 

100 per cent of no-load speed 


x 


where J is the total secondary current 
(I2+Ju1). Under this condition, all of the 
I’?R loss in the secondary is supplied by 
the speed voltage, JZ, which varies di- 
rectly with slip. Appendix B demon- 
strates that when £;, has any phase posi- 
tion 6, the voltage supplying the second- 
ary J?R loss is a combination of a speed 
voltage ([Z),, which varies directly with 
slip, and a transformer voltage (Z),= 
Fy, sin 8, which is independent of slip. 
Under this condition, the slip can be evalu- 
ated (see appendix B) in terms of the 
output and the component of the second- 
ary loss, sec(J?R);, which is associated 
with the speed voltage. The expression 
for the slip is 


seo(I?R) 5 


7 developed power+sec(I?R)5 
100 per cent of NV, 


x 


Figure 4. Comparison of observed and pre- 


dicted characteristics 
Points are observed. Lines are predicted 
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O24 7658 
OUTPUT —HP 
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This slip is expressed in per cent of N,, 
the no-load speed at which the motor 
would operate if the brushes were shifted 
to eliminate the quadrature component 
(Ey sin 6) without altering the inphase 
component (Ey, cos @). Similarly, the 
torque can be shown to be proportional 
to the component of the total secondary 
power which is independent of the trans- 
former voltage. 


Developed power sec (J?R)s = 


or 
33,000 
2,746 
(developed power+sec(I?R) 5) 


Taev = 


The quantities sec(J?R), and (devel- 
oped power+sec(I?R)s) may be evalu- 
ated by projecting the components of 
I,, on V; as outlined in appendix B. Also, 
it can be shown that these quantities may 
be evaluated from the product of the pro- 
jections of J,, and V; on an axis lagging 
Vi by y degrees, and that sec(I?R);, the 
component of the loss associated with the 
transformer voltage, can be evaluated 
from the product of the projections of J,, 
and V; on an axis perpendicular to this 
axis. Regardless of the method used to 
evaluate these quantities, it is convenient 
to draw the dotted line m’k’, and so 
forth, on the circle diagram of Figure 3, so 
that 


sec(12R),=k’k X V; watts per phase 
sec(1?R); =k'7 X Vi watts per phase 
Output +sec(J?R), =k'f X Vi watts per phase 


From this, the slip and torque can be 
evaluated in a manner which is almost 
identical with that used for the ordinary 
induction motor circle diagram. 


ey eee 
Slip = Rif. 100 per cent of N, 
2rN,T 
33,000 


x 746 =k’f X Vi watts per phase 
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This involves the same approximation 
that is made with the ordinary induction 
motor—that the effect of rotational losses. 
on the slip is negligible. 


Experimental Check on the 
Circle-Diagram Theory 


To check the theory that has been pre- 
sented here, tests were made on the Gen- 
eral Electric BTA 550-1,650-rpm 4.17— 
12.5 horsepower 60-cycle brush-shifting 
motor that was used in the earlier tests. 

The brushes were set for two tests so 
that @ was approximately 45 degrees and 
135 degrees. The power factor was im- 
proved with each of these settings, and 
the machine ran above synchronous speed 
when 6=45» degrees, and below syn- 
chronous speed when 6= 135 degrees. 

The magnitude and phase position of 
E\, were determined accurately by the 
voltage measurements described earlier, 
and from this, from the no-load measure- 
ments and from the blocked-rotor meas- 
urements, the circles shown in Figure 4a 
were constructed. It is seen that these 
predicted circles check the observed 
points quite closely. Curves of speed and 
current against torque, and power factor 
and efficiency against output were con- 
structed from the predicted circle. Fig- 
ures 4b, c, d, and e show these predicted 
characteristics compared with those ac- 
tually observed. 


Conclusions 


1. Theory and experiments described here 
have shown that it is possible to adjust the 
brushes of the brush-shifting a-c motor to 
correct the power factor of the current sup- 
plying it, regardless of the speed to which it 
is adjusted. 


2. The locus of the extremity of the pri- 
mary current with such adjustments is a 
circle. The magnitude and location of this 
circle with respect to the primary-voltage 
vector can be determined from no-load 
measurements taken on the motor. 


3. Power-factor correction is accomplished 
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causing exciting current of the motor to 
flow in the secondary elements instead of the 
pr mary. This causes extra heating in the 
secondary and reduces the permissible load 
urrent that the secondary can carry. In 
e particular machine used in this investi- 
tion values of the quadrature component 
of Ei, (En sin 8) in excess of 10 per cent of 
the standstill value of the induced secondary 
voltage E, cause excessive secondary cur- 
‘ents. 


4. While the range of E), sin 8 (power-fac- 

or adjustment) is limited, En cos 8 (speed 
adjustment) is not limited except by the 
design of the motor. The voltage Eu cos 8 
is opposed in normal operation by a speed 
voltage, 2, which limits the flow of current 
produced by it. The quadrature component, 
E\; sin 8, causes a secondary current which 
is opposed only by the motor impedance 
and not by the speed voltage. Conse- 
quently, a small angle 8 can cause consider- 
able change in power factor in a low im- 
pedance motor. 


5. ; A method of determining the character- 
istics of the motor when used to perform the 
double function of speed adjustment and 


) 
) 


Figure 5. Diagram for appendix A 


power-factor correction has been presented. 
This method employs the theory and use of 
the circle diagram. The accuracy of the pre- 
dicted characteristics indicates that the 
theory and description of the operation of 
the motor as presented here are essentially 
correct. 


Appendix A. Proof of the Circle 
Locus of (Ig+/,1) 


The two small circles of Figure 5 with 
diameters a and 5 represent the loci of the 
currents Jz and Ji; respectively. Establish 
the rectangular co-ordinates, x and y, with 
the x axis along the diameter a. If angles 
are measured counterclockwise from the x 
axis, the angle between > and a is 8+7/2. 
A current J, at angle \ from the x axis, when 
added to the corresponding current Ji at 
angle \+ 8 from the x axis, results in (Ia+ 
I). The locus of the extremity of (I2+Ju) 
is to be expressed in terms of the x, y co- 
ordinates. To do this it is convenient to 
establish another set of rectangular co- 
ordinates m, n rotated counterclockwise by 
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the angle \ from the x, y axis 
that i? 


It is seen 
m=I,+J cos B=a cos \+0 sin \ cos B 
n=TI,, sin = sind sin 6 


By the Pythagorean theorem 


(Z2+-Jn)?= (a+Jii cos 8)?+ (Ii: sin )? 
(a+Jin)? = Ie? +412 +- 200) cos B-—abX 
sin 6 (sin*\+-cos* \)-+-ab sin B 


Since Jz=a cos \ and Jy, =6 sin X 


(e+Ju)?*=K?2+Ti2+2IeI, cos B—a sin BX 
sin \i—b sin B cos \Iy+ab sin B 
=1?+Ty2+Lel, cos B—Igb cos XX 
sin 6+JeI\; cos B—a sin BX * 
sin \Jy-+ab sin B 
=]2+],2+Ieb sin \ cos B—hb X 
cos A sin 6+Ja cos \ cos B— 
Ja sin sin B+ab sin B 
=174Ii°+hb sin (A—6)+Inax 
cos (A+8)-+ab sin B 
=I[I2+b sin (A—8)]+JuliutaxX 
cos(A+8)]-++ab sin B 
=I,{a cos \+0 sin (A—8)]4-Jn X 
{b sin [((A—8)+8]+a cos (A+ 
8)}+4b sin B 
=I,[a cos \+b sin (A—8)|]+alnX 
cos A cos 8—al; sin \ sin B+ 
Ib sin (A—B) cos b+1bX 
cos (A—8) sin B-+ab sin B 
(2+u1)? = [a cos \+6 sin (\— 8) ](2 + X 
cos 8)+J, sin B[b cos (\A—8) —a 
sin \]+ab sin B 


Since m=J,+];; cos 6 and n=J sin B 


(e+t)?=[a cos A+0 sin (A—8)]m+nX 
[b cos (A— 8) —a sin \]+ab sin B 

=m[cos \(a—b sin B)+b sin XX 

cos 6]+n|—sin \(a—) sin B)+ 

bcos cos BJ+ab sin B 

(2+J1)2=(a—b sin B)(m cos \—n sin \)+ 
b cos B(m sin A+n cos A)+ 
ab sin B 


Since the co-ordinates x, y are expressed 
in the m, n co-ordinate system by the equa- 
tions 


x=m cos A\—n sin 

y=m sin A-+n cos d 

(In+Ju)?=(a—6 sin B)x+(b cos B)y+ abX 
sin 8 

But 


(a+)? =x? +9? 

so 

x?—x(a—b sin B)+y?—yb cos B=ab sin B 
Completing squares 


le lel : |- bx 
<— 38 sin B y Ra =a 


ab (b sin 8)? (b cos B)? 
4 4 


b 2 b 2 
[>-G-5 = #) flog oo] 
ee a he oo2 Bat 
Ee sin a| + 9 | 
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This is the equation of a circle in x, y co- 
ordinates with center at 


fee ed 
Gs gue 
b 

=-co 

y=5 sp 


and radius 
awe b. 2 b cos B\? ]'/2 
r=[ (5 on) +S) 


Appendix B. Determination of 
Slip and Torque 


As is seen from Figure 1, Ji, is made up 
of two components, one of which, J,s, cancels 


(a) ¥en” 
(a). Components of the 
primary current 


(b) Fe 


(b). Secondary voltages and currents 


Figure 6. Diagrams for appendix B 


the magnetomotive force of (J2+Jh1) flowing 
in the stator coils, and the other, I) 4p, can- 
cels the magnetomotive force of (J2+Jn) 
flowing in the adjusting winding. These 
component currents bear the ratio 


Ths i N2 _ssE2 
Taw Naw Ey 


and are added together at the angle 6 to 
form J,, as shown in Figure 6a. Thus, if 
Thy, B, and gsH2/En are known, all the com- 
ponent currents are determined. 

By projecting the various current vectors 
in this diagram on the voltage vector, Vi, 
powers are obtained which can be used in 
evaluating the speed and torque. 

If the vector notation (I1,)-(Vi) is used 
to mean the scalar product of V; and the pro- 
jection of Ij, on Vi, and if the primary re- 
sistance is assumed to be transferred into the 
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secondary, the following relations may be 
written 


(in): (Vi) = U2+di1): (ssH2+ En) (1) 
=net power transferred from the 
primary to the stator and the 

adjusting windings 


(Tis) -( Vi) = (I2+Ji1) . (ssL2) (2) 
=power transferred from the 
primary to the stator 


Craw) (V1) = e+hi): (Eu) (3) 
=power transferred from the 
primary to the adjusting wind- 
ing 
aw cos 8): (Vi) =(Z2+Jn): (En cos B) (4) 
= power associated with the com- 
ponent of J,4w which is col- 
linear with J}, 


(raw sin 8): (Vi) =(2+Ju): (Eu sin 8) (5) 
= power associated with the com- 
ponent of Jj4w which is in 

quadrature with J,, 


The power described by equation 5 can 
be identified as a component of the J?R 
loss in the machine. Since the resultant 
secondary voltage is equal to the JZ drop; 
and the dot product of the resultant current 
and IZ gives the J?R loss, we may write 


Fo+Ey = —Uethi)Z 
and 
(Io+Jn) - (E2+En) = —(2+)?R 


(See Figure 6b.) If (E.+:) is divided into 
the quadrature components (H2.+ Fi; cos 6) 
and (EZy sin 8), the projection of (12+) 
on each of these components gives a com- 
ponent of the total copper loss. 


((2+ti1)?R]s= —(2+Jn)-(E2+En cos B) 
(6) 


[(Z2+11)2R |, = —(I2+1q1): (Ey sin 8) (7) 


where 
{(e+li1)?R kar (d2+Jn)?R]; = (Le +Ji1)?R 


But from equation 5, [(22+Ji1)2R], is seen 
to be the product of V; and the projection 
of haw sin B) on Vi, so that [Ze+tIn)?2R], 
can be evaluated, and since [(1,+J11)?R] is 
known, the remaining component [(J.+ 
J\:)?R]; can be evaluated. 


Obtaining the Torque 


The power which is transferred directly 
from the primary to the stator is, from equa- 
tion 2 


(Tis) i ( V;) - (L2+ti1) € (32) 


Since this power is transferred by a flux 
which reacts at synchronous speed with the 
primary 


(Tis) (V1) =a (I2+Iu1) é (ssH2) = 
2a Neyo lidey 


746 
33,000 us 

which can be solved for torque. This as- 

sumes the more conventional form if it is 

expressed in terms of NV, rather than Neyno, 

where JN, is the no-load speed when Fy, 
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sin 6 is made zero, leaving Ey, cos 8 un- 
changed. 
(hs t+tiaw cos 8)*(Vi) = 
(I2+Jh1) + (ssH#2+Fn cos 8) 
2a NoTaev 
=———— X746 (8) 
33,000 “ ( 


This is true because 


No _ ssEatEu cos B Iisthaw cos B 
Neyne ssli2 Ths 


From equations 1 and 5, it is seen that equa- _ 


tion 8 must represent the developed power 
plus one component of the copper loss 


2aNoT dev 


146 = Paev In+]1)?R 
33,000 x dev + [U2 +Ji1)?R]s 


which can be solved for torque. 


Obtaining the Speed 


Since the slip from synchronous speed, 
in per cent of synchronous speed is E2/ssE2, 
the speed can be predicted from EH». As is 
seen from Figure 6b 


E,= Ey, cos B+ [(12+li)Z]s 


where [(I.+Ji1)Z;] is the component of the 
impedance drop which is in phase with Fo, 
so that 


Fo Fu cos B [(2+L1)Z |5 
sslf2 ssHe ss 
=slip in per cent of synchronous speed 


=S,+S) 


where S; is the slip caused by Ey cos B 
and S, is the slip caused by loading. The 
first term on the right hand side of this 
equation is constant for a given brush set- 
ting, and the second term varies with torque. 
This expression can be evaluated more 
simply if the slip is measured from N, and 
expressed in per cent of Nj. This slip is 


S2Nayne _ [(Zet+-ti)Z]s 7 
ives per cent NV, 
No ~ sFatEn cos 8 


Here the slip is expressed in terms of the 
ratio of two voltages. Taking the dot prod- 
uct of these voltages with the secondary cur- 
rents puts this expression for slip into the 
conventional form: 


ae (Zet+li)Z]5°(2o+hin) 
~ (ssH2-+En cos 8) + (I2+Ju1) 
[(22+In)?Rls 
Paev+ (Ua-+1)?R]g 


per cent N, 


Assumption Regarding Primary 
Resistance 


In deriving the expressions for speed and 
torque, it was assumed that the primary 
resistance was replaced by an equivalent 
resistance in the secondary. Actually, the 
power consumed in the primary resistance 
does not cross the air gap. For this reason, 
the term [(/2+Jn)?R]; in these expressions 
must be replaced by the term 4..{(Jo+ 
I1)?R|;. This term, which is part of the 
copper loss in the secondary, was obtained 
in the manner commonly used for the ordi- 
nary induction motor. The division of the 
loss at blocked rotor was determined by 
resistance measurements, then it was as- 
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sumed that the same division of losses oc- 
curred at all loads: 


List of Symbols 


E,,—The voltage inserted into the secondary 
element from the adjusting winding 
E,—The voltage induced in the secondary 
element by slip 
T,,—The current flowing in the stator and 
adjusting winding, resulting from the 
voltage Ei, 
I,—The current flowing in the stator and 
adjusting winding, resulting from the 
voltage Fy ; 
I—The resultant secondary current J+J 
ssf2—The value of E,; when the rotor is 
blocked 
Tmag—The flux-producing component of the 
primary current 
I,,—The component of the primary current 
which cancels the magnetomotive forces of 
the stator and the adjusting windings 
I;s—The component of the primary current 
which cancels the magnetomotive force of 
the stator winding 
I,4w—The component of the primary cur- 
rent which cancels the magnetomotive 
force of the adjusting winding 
I,i—The resultant primary current, or 
Imag +l 1 
V,:—The applied voltage 
N,—The effective primary turns 
N.—The effective stator turns 
Naw—The effective adjusting winding 
turns 
B—The angle in electrical degrees 
(a). Between Ey, and 5,F2 
(b). Between the magnetomotive forces 
of the stator and the adjusting winding 
(c). That the brushes must be rotated 
about the commutator to retard Ey; by 
6 degrees 

y—The angle in electrical degrees 
(a). Between J,,and lz, 
(b). Between the magnetomotive force 
of the stator and the resultant magneto- 
motive force of the stator and the adjust- 
ing winding (c). Between ,,E) and 
(ss He+ E11) 

R—The resistance of the primary, second- 
ary, and adjusting winding, reflected to 
the secondary 

X—The standstill reactance of the primary, 
secondary, and adjusting winding, re- 
flected to the secondary 

Z—The secondary and adjusting winding 
impedance 

Taev—The developed torque 

Paev—The developed power 

(IZ),;—The component of the total second- 
ary and adjusting winding JZ voltage 
which is in phase with E, 

(IZ);—The component of the total second- 
ary and adjusting winding JZ voltage 
which is in quadrature with E,: (IZ),=- 
—F); sin B 

seo(I?R);—The component of the secondary 
I?R loss which is given by I: (IZ), 

sec(I?R);—The component of the secondary 
I’R loss which is given by I- (IZ), 

N,—The no-load speed at which the motor 
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"PE concentric arrangement of tubular 
# conductors to carry heavy alternating 
ents gives compactness, low reactance 
drop, and reduced loss from skin effect 
or crowding of the current to the surface 
of the conductors. This arrangement is 
being used to a considerable extent.! 
In this paper formulas and curves are 
fsiven to enable the reactance and the 
skin-effect resistance ratio of such con- 
ductors to be determined for three-phase 
R single-phase circuits. 


Reactive Drop 
In practical cases the reactance of 
concentric tubular conductors is very 
little affected by the variable current 
density which causes skin effect. When 
uniform current density is assumed, the 
“geometric mean distance’ method of 
Clerk Maxwell may be used. Using 
values given in paragraph 692 of his 
“Electricity and Magnetism,” for geo- 
metric mean distances of a tubular sec- 
tion from itself and from other sections, 
(references 1, 3, and equations 28 and 30 
of reference 11) formulas for the reactance 
drop in each tube of a concentric, three- 
phase circuit are obtained. 

The general formula for reactive drop 
in conductor 1 of a group of long, parallel 
conductors is (see reference 11, equation 
55, page 39) 


—jw2X10-*[h logn Ds, +12 logn Dyz+ 
Ts logn Di3+ ...] volts per centimeter (1) 


where 


w= 2a Xfrequency, 
logn denotes natural logarithm, 
Ds, = self geometric mean distance of con- 
ductor 1, 
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Dy,= geometric mean distance of the cross 
section of conductor 1 to that of con- 
ductor 2, and so forth, 


The currents are in amperes. A conduc- 
tor may have any shape of cross section. 

The logarithm of the geometric mean 
distance between two cross sections is the 
average of the logarithms of all possible 
distances between points on one section 
and points on the other. The logarithm 
of the self geometric mean distance of the 
section of a conductor is the average of 
the logarithms of all possible distances 
between any two points of the section. 

Formula 1 is subject to the condition 
that 


h+ht+h+h+ ...=0 


which is a relation usually obtained in 
any steady-state problem where a sys- 
tem consists of long, parallel conductors, 
and all the conductors are taken into ac- 
count. In other words there is as much 
return current as there is going current 
in such a system. A system of this kind 
may be made up of any number of phases 
and any number of conductors in parallel. 

Let the inside and outside diameters 
of the tubes, from the smallest to the 
largest, be di, dz, d3, ds, ds, and ds. Let 
there be no neutral current. 

The reactive drop in the inner tube, 
which carries J, amperes, is, in volts per 
centimeter, 


jw2l, d,4 d, 3d,’—d,” 
logn —— +. 
10° | (d2—d;)? dd, _-4(d,?—d,?) 
jo2hl 1. ds? dq, de? nt] 
PERE SSP lo — ee 1 OF ae 
10° Ee has ae eB 
jw2I) 1 ds? ds 
= 1 — 
10? E ay ee Jas 


would operate if the brushes were shifted 
to eliminate £;, sin 8B, leaving Ey cos 6 
unchanged 
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Dwight—Reactance and Skin Effect 


The reactive drop in the intermediate 
tube, which carries J, amperes, is 


Jolt dy? By 

10° cali ra Rs A 

ey d;4 ene 3d," — reared 
10° | (d4? — ds”)? ds 4(ds?—ds*) 
aE nn d;? \ ds dy? 
10° 2  do?—d;? ee Giddide 


d 
logn “ll volts per centimeter (3) 
4 


Reactive drop in the outer tube, which 
carries I, amperes, is 


jab aud, 
10? te] 2 Sd,S od, ened, 


al ds dy. Paddys | 
————  logn —- — —————_- 
10° L(de?—ds?)? ds 4(do?—d;) 


volts per centimeter (4) 


The phase currents J,, Jy, and J, may 
be unbalanced. Therefore, by putting 
one of the currents equal to zero, the 
single-phase case is included. 

For deriving the first expression, note 
that 


I, logn d,= —Iy logn d.—T, logn dz 


since there is no neutral current, and 
similarly for d, in the second expression 
and for dg, in the third. 

If the thickness of the above tubes is 
considered negligible, regarding the ef- 
fect on the reactive drop, and if, as be- 
fore, there is no neutral current, the re- 
active drop in the inner tube is 


al Ty Lo 


Reactive drop in the intermediate 
tube is 


ds ds 
+I, logn — 
dy dy 


volts per centimeter (5) 


ds 
_ rialet logn — volts per centimeter (6) 


10° ds 
Reactive drop in the outer tube=0. (7) 


It does not matter in what units the 
diameters are given, in equations 2 to 
6, so long as they are all in the same 
units, since only ratios of diameters occur. 

For convenience in computation, it 
may be noted that there are 


2.540 X 12,000 =3.05 X 104 centimeters 
in 1,000 feet (8) 
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Also, 
logn u = 2.3026 logio u (9) 


The resistance drop in each tube is 
added vectorially to the reactance drop 
to give the impedance drop in that tube. 

Example 1. Find the reactance drop 
in each tube of the following concentric, 
three-phase circuit. The inside and out- 
side diameters of the inner tube are 1.2 
and 3.0 inches; those of the intermediate 
tube are 4.0 and 4.5 inches, and those of 


the outer tube are 5.6 and 6.0 inches. ~ 


The current of the inner tube is one am- 
pere; that of the intermediate tube is 


cos 120°+j sin 120°= —0.5+ 0.866 
and that of the outer tube is 
cos 240°+7 sin 240°= —0.5—j0.866 

The reactive drop in the inner tube is 


a [0.188 —0.349(—0.5+ 70.866) — 0.660 X 
(—0.5—70.866)] 
Jw2 F : 
= 19» (0-692 + 0.270) volts per centimeter 


to compare with jw2(0.55+7 0.25) /10® by 
the approximate formula 5. 

The reactive drop in the intermediate 
tube is 


ue 164+-70.253 
i ie 2 0. 64-+-70.253) 
to compare with jw2(0.14+ 70.25) /109 by 
the approximate formula 6. 
The reactive drop in the outer tube is 


Jw2 . 
Tor (0:028-+i0.048) 


to compare with 0 by the approximate 
formula 7. 

For the resistance drop in each tube see 
example 2. 


Skin Effect at Low Frequency 


Let there be a tubular conductor of 
inner radius g and outer radius r, as in 
Figure 1. Let there be uniform current 
density a, abamperes per square centi- 
meter in the tube and let there be a cur- 
rent J, in a wire at the center of the 
tube. 

Following the procedure of reference 5, 
beginning at equation 1 of that paper 


2, 
Flux density at dx = (current inside dx) —— 


Gres 
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Integrate from x to ¢ and multiply by 
jw where w=2r X frequency. 
Put 


(11) 


where p=resistivity of the metal in 
abohms per centimeter cube. Reactive 
drop at dx caused by flux inside radius 
r due to a, and J, 


jm't? ip Le e 
oy ne 34 4q¢° 
Gel NN og) IU a jw2T yt iy 
5 = 4, aie ber -+ 
Rhine Ah ape q 2¢q 

i Co Me Aled 
is a aa Per ere | (12) 
3 ¢ 2tq 38 tq? 


Let a current density a; + ay’ flow, such 


_ that its resistance drop will be equal and 


opposite to the terms in « of equation 12, 
in order to keep the voltage drop from all 
causes uniform over the section, as it is 
in actual fact. 


jm (x? 1x ae 
ey o(% os eae a 
1 x? ec iee Lecce 


jw 2T. 
mri pa fas r(x 
qp 


7) (14) 
These currents will in turn produce flux 
in the metal and from the terms in x of 
the resulting voltage drops there are ob- 
tained values of current densities a. and 
a,’ andsoon. The resulting values are 
eae 
ew Aber Gime. 


eee o| 2+ Ly ee ] 


7 8g? 28 8g? 
sae o| © 4 me 1x0 
9 t8¢ ag 18g? a 
<n w2Ip} x> 1 sy 
el "2 2g? 
(Gee SOE 
20 tg? 40 tgt ” 
, Gm) jo2I, | 1x8 
(nS 
5! fo Nee 2 tg? 
5 xt 2 x8 
14 tHg3 7 tg fig 
: = REY ee 1 x 
. 7A p tq 2 t8q? 
Ils) Sy of oe 
36 tg? 24 t8gt ~ 


Let the total current in the tube be J. 
By integrating the complete expression 
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for current density over the cross section 
of the tube 


d 242 2 
Fara,Qatt| 4 pa Bi ] 


imt? (jm?*t?)? 
+I,| dit: 
4! 
ane 
pial ee (15) 
where 
jot ae pel iay 
1" 30 g?' 20 gq? 280 g! 
Fee fs Pi 
a TA dat 
eg 
xt 12 g* 
Es nae 
a= ll @ ats 


as in reference 5, and where 


ete”. NaS tae 

7% FI a O20 30 g3 

eet Lees 

“= "5.9 lO Og 

inti Ba Ue 

ate 7q 23q 21g? 
At 1# 

d,= i 

71 aie 


This gives the value of a, in terms of I 
and I. 

If the tube were not present, the center 
conductor carrying J, would supply its 
resistance loss including its own eddy- 
current loss. Then, as stated by Waldo V. 
Lyon® at the top of page 1377, AIEE 
TRANSACTIONS, 1921, in his paper on eddy- 
current losses in armature conductors, if 
the outer tube and its current J be intro- 
duced, it does not change the eddy-current 
loss in the inner conductor, and the total 
additional power supplied by the circuits 
to the two conductors is equal to the re- 
sistance loss of the tube. There is a 
transfer of power from the inner conduc- 
tor to the tube. These amounts of power 
can be computed. 

In the work so far, magnetic flux out- 
side the tube has not been considered as 
it would not change any of the current 
densities. It will be included now in 
computing the transfer of power, and, as 
would be expected, it will be shown that 
it has no effect on the expression for eddy- 
current loss. ; 

The voltage drop in all elements of the 
tube is the same as that at its outer sur- 
face and is 


. s ° 
jw2(I+Ip) logn 7 beiw (16) 
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; surface and where s is a certain 
ge distance to which flux is- counted, 
ere the expression in 5 will finally can- 


how large a value of s is chosen. 

Let conj I be the conjugate of J, that 
is, the same complex quantity except with 
j changed to —j. Multiply equation 16 
by conj J and take the real part, to obtain 
the power delivered to the tube from its 


own circuit, per centitneter of the tube. 
This is 


= 


Re conj I jw2(I + I) logn “+ 


Re cong Zag 4,2 uy ——-+ bo oa 


, jot jm3t? 
we [eRe conj I I, il al > <% 


, (jm 242) 2 
es 


5! gine 5 (17) 


where Re denotes “‘real part of.’’ Note 
that in this paper conj applies only to 
the single letter which follows it, but Re 
applies to the complete expression which 
- follows. 


ae PS ae ee ie 2 
b=1-=-4— 
5q 10g? 70 4@° 
aie) oan!) fee 
h=1-= -+— —-——... 
7q 28q* 424° 
2h ay a eg 5 
Sle seer 
r 90°3@ 
5# 152 
b= 1—— — = 
llg 44q? 


as in reference 5. 


mete ere eis 
Pie 40-78-15 ge” 


1g t 
-(3+4) ae (144) 


Vb fk 
10 gq? 


ih fs 51 tt 


560 g! 


Figure 1. Tubular conductor and cential wire 
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ig is the current density at the — 


el out, the result is the same no matter 


2 
ey i yi le # 4 
28 q? 28 g3 
2 3 
‘ele 18 C 
9 ¢ 9 g 


The total flux caused by the current in 
the tube, as far as radius s, is 


ms 


2T logn *4rag| ats 


(im?t?)* 4. if jmt? 
saa ar in Pat 
Pare ae (fee at TH 


Pa (jm?t?)? 


BI +.. | (18) 


Multiply by jw to obtain the voltage in- 
duced in the central conductor. Then 
multiply by conj J, and take the real part 
to obtain the additional power supplied by 
the circuit of the central conductor. 
This power is transferred to the tube and 
helps supply the resistance loss in the 
tube. By adding equation 17, the total 
resistance loss in the tube is found to be 


Re conj [(J) jw2 logn ~+Re conj Ia,p X 


242\2 
ES ~ ter +... }+ 


R VETE 
econj D 29 as : 
Seti mt? 2 
Ea ee ) eo ih .}+ 
Re conj Ip(I)jw2 logn “+ 


5! 
242 2 
sa LAA .|+ 


Re conj [pap ES 


2! 4| 
Jot jm 
TL, 
Re conj Po ale 31 + 
(Gm? 
oS. | (19) 


Now conj JJ isa real quantity,]J|?, since 
(a—jb)(a+jb) =a?+b?+j0 


conj I I,+J conj J, is also a real quantity, 
since 


(a—jb)(c+jd) + (a+jb) (c—jd) = 2ac+ 
2bd+j0 


It is the sum of a complex quantity and 
its conjugate. Therefore, the terms in 
logn s/r have no real part and disappear. 

The resistance loss in the tube, then, is 


Re conj Ja,p+Re(conj [+ conj Ip)aop X 


jm? (jm2t2)? 
E T aa, +... 44+ 


jot | 
R IT 1,a+T], (conj I+ 
aera conj I [p,e: +1, 


, 242 (jm*t?)? 
conj Ip) , St aerraaee Ae \ | (20) 
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Note that the real parts of the entire ex- 
pressions are taken. 

Equations 15 and 20 can be applied 
to the three tubes in succession of a three- 
phase concentric circuit, thus obtaining 
the skin-effect resistance ratio of each 
tube, that is, the ratio of the resistance 
loss in the tube compared to the loss with 
direct current of the same amperage. 

The power lost in a tube with direct 
current of amperage J is 
Ae (21) 
w(2gt-+02) 

The skin-effect resistance ratio of the 
inner tube is the same as that of an iso- 
lated tube, since the surrounding tubes 
do not affect its current density. In this 
case, J,=0. The formulas and curves 
were published in reference 5. 

Dividing equation 20 by equation 21 
and substituting the value of a, given by 
equation 15. 


, 242 , 242 2 
1b, 5 tbe tsaaly 
Rye 2! 4! 
ioe jm*t? jm *t? (22) 
de ihe oF e ~+ - wy 
for the inner tube. 
For the intermediate tube 
Reet LO 
—=Re —+ReS (23) 
Rac Q 
where 
conj Ip jm t? 
= b 
L=1+ (14 nite) "2 ate 
; 242 2 
jy oe ' (24) 
4! 
if tha by 242 2 
M= 1-7) a Pap g Ciscaei }@5) 
I ! 4! 
242 2 
Q=1+6 m +6, a ae (26) 


(Same as equation 16, reference 5, or 
denominator of 22) 

Tale 

a) 


I, jm? (Ip 
S=s ej +(2+ 
(jm?*t?)3 
Pac aiat ee 


1! 
(jm*t?)? 
\. Spratt Et 


ae, 


In balanced three-phase circuits, for 
the two opposite phase rotations 
Te V/3 ih aye 


Foie See 2 aoe 


(28) 


conjl 2 2 2 2 
Teepe ase eles 
Se ed | ia ey mee = (OG 8 ee 
Jf |All oA 2 2 2 


The two opposite phase rotations produce 
slightly different amounts of eddy-cur- 
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rent loss, that is, different values of 
Ra, depending on whether the greater 
current density is produced in the inner 
or the outer surface of the intermediate 
tube. See Figure 3. 

For the outer tube 


I,=—TI, and 
‘ . 242 , 242 2 
i A Cliahal 
Rac 2! 4! 
——=Re ; : (29) 
Rac pie jm ae (jm?t?)? 
Pag a he 


Equations 22, 23, and 29 give the skin- 
effect resistance ratio of the three tubes 
of a three-phase concentric tubular cir- 
cuit. They are applicable up to about 
mt=4 and t/d=0.2(t/q=*/s), as in refer- 
ence 5. 

The values of the ratios are plotted in 
Figure 2 on a base of thickness of copper 


Figure 2. Skin-effect ratios for solid copper 
tubes, 75 degrees centigrade, 60 cycles, 
three phase 


Thickness=t and outside diameter=d, of the 
tube being considered 


tube, for standard frequency and tem- 
perature. This can save the work of com- 
puting by the formulas, in cases where the 
curves apply. For a frequency f such as 
25 or 50 cycles, multiply the tube thick- 


ness by Vv f/ 60 before reading from the 
curves. 

In order to show that there is a larger 
skin-effect ratio for the intermediate tube 
than for the others, the current density 
in the three phases is plotted in Figure 3, 
as computed by equation 13 and following 
formulas. The case chosen is that of three 
flat straps, which is the same as that of 
three concentric tubes with extremely 
large radii. 

The skin-effect resistance ratio of the 
outer tube of a single-phase concentric 
circuit is the same as the ratio for the 
outer tube of a three-phase concentric 
circuit as given by Figure 2 or equation 
29, since the total current inside the tube 
in either case is —J. The resistance 
ratio of the inner tube of a single-phase 
concentric circuit, and also the ratio of 
an isolated tube, are the same as that of 
the inner tube of a three-phase circuit, 
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as given by Figure 2 or equation 22. 
See also references 5 and 7. 

Example 2. Find the effective re- 
sistance at 60 cycles and 75 degrees cen- 
tigrade of the three copper tubes de- 
scribed in example 1. . 

The inner tube, whose inside and out- 
side diameters are 1.2 and 3.0 inches, has 
a resistance to direct current of 5.47X 
10~-* ohm per centimeter. From Figure 
2, taking t=0.9 inch and #/d=0.3, the 
skin-effect resistance ratio is 1.92. Then 
Ra for 60 cycles is 


5.47 X 10-8 1.92 =1.050 X 10-7 ohm per 
centimeter 


This is to be used for resistance drop and 
copper loss in the inner tube. 

For the intermediate tube, with inside 
and outside diameters 4.0 and 4.5 inches, — 
and thickness 0.25 inch, the resistance 
to direct current is 9.74X107%. From 
Figure 2, R,./Ra=1.059 and therefore 
Rac= 1.030 X 10~7 ohm per centimeter. 

For the outer tube, the inside and out- 
side diameters are 5.6 and 6.0 inches. The 
resistance ratio, from Figure 2, is 1.008 
and 


Rac = 8.92 X 10-® X 1.008 = 8.99 X 10-8 ohm 
per centimeter 


Bessel-Function Formulas for 
Single-Phase Concentric Circuits 
and Isolated Tubes 


The well-known solution for skin ef- 
fect in an isolated tube in terms of Bessel 
functions is as follows.”7 


Rac _,,. oar) 

Ean 2r ie 
I,(ar)K '(aq) — Ko(ar)I,'(aq) 
I,'(ar)K,/(aq) —K,'(ar)I,'(aq) 


(30) 


where J, and K, are modified Bessel func- 
tions of the first and second kinds, of 
order zero, Re denotes real part of 


r=outside radius 
q=inside radius 
t=thickness of tube=r—g 


j4 
ae ee ne 
p 
im 
a=met 
j=V-1 


w = 27 X frequency 
p=resistivity of the metal, in abohms per 
centimeter cube 


Note that 

I,(ar)=ber mr+j bei mr (31) 
K,(ar) =ker mr+j kei mr (32) 
I,'(ar) =e7**/4 (ber’ mr+j bei’ mr) (33) 
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co'(ar) =e-1*/* (ker? mrtj kei’ mr) (34) 


_ Equation 30 is applicable to the inner 
tube of a concentric circuit, and to a non- 
concentric circuit in which the conduc- 
ors are separated by more than a few 
diameters and proximity effect is con- 
idered negligibly small. 

For the outer tube of a concentric 
circuit, where all the return conductors 
are within the outer tube? 


Rac _ 


T,(aq)K 9’ (ar) — Ko(aq)Io' (er) 


Fi'tag)K,'(ar)—K,'(oql,"ar) © 


This is the same as formula 30 for an 


isolated tube, except interchange g and r 


and multiply by —1. Both formulas 


30 and 35 may be derived by following the 
general method used in references 7 and 


Formulas 30 and 35 may be used for 


direct computation of numerical prob- 


lems, using tabulated values from refer- 


Bences 7, 8, 9, or 10: 


For very small or very large values of 
the argument, or for tubes whose thick- 
ness is small compared to their radius, 
series formulas, as given in this paper, 
may be shorter to use. 


High-Frequency Formulas 


For frequencies higher than 60 cycles, 
formulas derived from the asymptotic ex- 
pansions of Bessel functions are often 
convenient. Except that they do not 
give any effect of radiation, and that they 
apply only to the dominant mode of trans- 
mission in a coaxial line, they are appli- 
cable to very high frequency since they 
are series with powers of the frequency in 
the denominators of the terms. As is 
usual with power series, their applica- 
bility depends on the rapidity with 
which the terms of the series become 
smaller and smaller. 

Formulas of this type for the inner and 


Current Density 


Figure 3. Current density in three-phase strap 
conductors, closely adjacent 


Current density for same amperage of direct 
mt=+/6. The dotted line is for 


opposite phase rotation 


current=1. 
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outer conductors are given here. They 
are applicable to single-phase, concentric 
circuits and the formula for the inner con- 
ductor is applicable also to all the tubular 
conductors of circuits which are not con- 
centric and in which the conductors are 
separated by more than a few diameters. 
With high frequency, such circuits are 
more likely to occur than three-phase 
concentric circuits, 

To express equation 30 as a power 
series using asymptotic expansions (see 
reference 10, items 810.6, 810.7, 816.1, 
and 816.2) we have 


— Te'(aq) _ Ti(ag) 
K,'(ag) Ky(aq) 
3 3X5 32X5X7 
_ eat 118ag _2!(8ag)? 3!(Bag)? 
Sema Sra OKO. . OUND XT 
1!8agq 2!(8ag)? | 3!(8ag)? © * 


<1 6 18 204 

8aq (8aq)? (Sag)§ ~~ 
Zac_at(qgtr) N 
Rac 2r D 


9 " 75 
2(8ar)? 2(8ar)3° ~ 


1 
v=er} hele te 
Sar 


-por—or Jy 1 ig 9 a 75 
Sar 2(8ar)? 2(8ar)3 


4 
Ps 6 ‘é 18 204 ; 
1 8aq  (8ag)? (8ag)3 


3 15 
2(8ar)? 2(8ar)3 -” 


sce Lol 5 aren aa 
‘ Bar 2(8ar)? | 2(8ar)? 


x 
; 6 be 18 204 | 
8aq (8ag)? (Sag)? ~ 
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Then 


4. 192 
(Bar)? ae 
yb 


rng ees 
(Sar) \ 
204 

}+ 


(8aq)* 
t( 
gat). 
1 


1 a : 
Te ent 


Lae =r 14 4 
ae or 


—2at 
2e jit age tk 


i 6 re 18 
8aq (8aq)? 
terms ine“. . + 


wii, 3 4 
2'4  16ar 16a? ~ 


fertede Hiss 


z ...>p+ terms in Cae ee | 
320°7q? 
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omitting the final terms of the last two 
brackets. Now 


papel (Se u 
am V2 »/2 


ee yh 
St as 0-1 


ew 2at Hist: mir/2—j sin mtr/2) 


(See reference 10, item 408.05) Taking 
the real part, the resistance ratio for an 
isolated tube is 


Rac _t(qtr) E 1 3 0 
Rage Pt | Ba DART MONE ar a 
e V2 (cog my) : be 

q 
: (7-654 ie) ve 
32mrv/2 q le eas 
e V2 (sin mtv/ 2) {2% V3 ee 
2 E 
(7-07 43 “) : te terms in e ?™v? ol 
‘ q 


(36) 


The first line is seen to be the series that 
is applicable to solid wire. Formula 36 
was given a number of years ago in his 
Master of Science thesis at Massachu- 
setts Institute of Technology by J. M. 
Roberts, now professor of electrical engi- 
neering at the University of Louisville, 
Louisville, Kentucky. 

The expansion of formula 35 for large 
values of m is not obtained by inter- 
changing g and r in formula 36, for Poni 
would become eV”, The expansion is 
made by taking K,(aq)/K,'(aq) as the 
initial part. The result is: 


High-frequency formula for resistance 
ratio of outer tube: 


mel mq 43, 3 ie fs 
Rea ¢ 2x70" 4A feng gg 
San 
ee ty 2( plies Fetes 
MIN@ (COS mye ‘i “+ 
3 Gnd 
—_ | 7-6-+3=-—]... 
32mqv/2 (: a ; t 33 
5 fe. 3) 
—mty 2 si ntr»/ 2 Sn ile te => 4 
a rae iv ) \ 4/2 32mqr/2 
2 
(7-6 143%) ..o+ terms in 
r te 
en mtv 2. ‘ | (37) 
The Penetration Formula 
The ‘‘penetration formula” is a well- 


known and useful method for computing 
the a-c resistance of conductors at moder- 
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ately high frequencies. However, special 
precautions should be taken in using it 
for tubes, and these will now be de- 
scribed. 

A convenient statement of the penetra- 
tion formula, arranged so as to give a 
close approximation to the Bessel func- 
tion solution at high frequencies, is that 
the alternating current is taken to pene- 
trate, at uniform current density, to a 
depth 6, and the a-c resistance is taken 
to be equal to the d-c resistance of a tube 
consisting of the surface layer of metal 
of thickness 6;. The formula for the 
thickness is 


8 =+/2/m 


where 


m=~/(41rw/p) 


and where p is in abohms per centimeter 
cube (see equation 11). 

For an isolated round wire or tube of 
outside radius r, the effective resistance, 
then, is that of a tube of cross section 


x{r?—(r—8,)2} =2n7,(1-2) 
Qara/2 1 
7 (0-4) (39) 


centimeters (38) 


from equation 38. 

The resistance ratio by the penetration 
formula is the ratio of the two cross sec- 
tions, which is 


rea (1 1 y- 
Qar>/2 mrv/2} or aS 


(543 d rm 
Sy ne 20) 


by the binomial expansion of (1—x)-!. 

The first two terms of the series in 
equation 40 are the same as in formula 36. 
These two terms give the equation of the 
straight line which is the asymptote of 
the curve of R,,/Rg, plotted on mt, as in 
Figure 3, reference 5. 

In order for equation 40 to agree with 
the corresponding portion of formula 36 
within what might be called slide-rule 
accuracy, or about 0.5 per cent, it is nec- 
essary for 1/8m*r? to be less than 0.005. 
That is 


woe 
r 4 


(41) 


This is often expressed by stating that the 
penetration depth 6, should be a small 
fraction of the radius of curvature, and 
under such a condition it can apply to 
conductors that are not round. 
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In the case of round tubes, another re- 
quirement is found from equation 36, 
namely, that the penetration depth 6, 
should be a small part of the thickness ¢. 
Equation 40 plainly does not take care of 
the terms in e ™Y? of formula 36, and 
so, if the penetration formula is to be a 
good approximation, these terms should 
be proportionately small. This leads to 
the condition that 


6 
7 0.3 approximately (42) 


In most cases, if equation 42 is complied 
with, then the requirement of equation 
41 also is met. 

The penetration formula can be applied 
to the inner surface of the outer tube of 
a concentric circuit. 

Example 3. Find the skin-effect 
resistance ratio for an outer tube in 
which mt=3.2, mq=4.8, and mr=8. 


oe, at =mtei™/* 
2q 3 
I,(aq) =ber mq+j bei mq 
=ber 4.8-++7 bei 4.8 
= —5.45-+j0.884 
K,! (ar) =e7*"/4(ker’ 8.0+j kei’ 8.0) 
=e~?*/4(_ 0000880 —70.001336) 


By equation 35, 


ie __ 4) —0.447-+70.376 
MR 9 esp pamela 
Rac ef oraxst 0.629 


=2.55 by equation 35 


From equation 37 


ae =1.777 
First line of equation 37 
= 1.697 —0.25+0.0276 
Seis 
mtr»/2 = 4.525 e~ 4-525 — 0.01083 
cos 4.525 = —0.1858 
Second line of equation 37 
= 0.01083 X (— 0.1858) (3.39 —0.80+ 
ONO. a) 
= — 0.00634 
Third line of equation 37 
= 0.01083 X (— 0.983) (3.39 — 0.062) 
= — 0.0354 


Rac 
Ras 1.777 (1.475 — 0.0063 — 0.0354) 
d. 


= 2.55 


Thickness of tube in inches, for copper 
at 75 degrees centigrade and 60 cycles 


_4rw 4rX1207_ 234-420 
ee i704 eos G 
=2.26 


m?* 
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m=1.504 
1 


By 
i = —— X —— =0.838 inch 
thickness 1.504°*2.54 
Be 
t/d =——=0.2 
/ 2x8 


From Figure 2 
Rac/Rac = 2-54 


By the penetration formula, the section 
of the equivalent tube of thickness 61 
is 


6 
r{ (q+61)?—q?} =2ngh( 143) 


s00H(o- tr) 


by equation 38 


Rac _ at(q-+r)m 
Riss 9 1 
AA \ 3h 
Qrqv/ ( EY 
a 3.2X12.8 =2.63 
2(6.78+1) 


which is three per cent too large. 


2 
pene: centimeter or 0.37 inch 
1.504 


which is somewhat too large for the em- 
ployment of the penetration formula. 
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‘ MEMBER AIEE 


'HE tremendous expansion of produc- 
tion facilities necessitated by Ameri- 
can defense and war efforts has given the 
manufacturer of electrical equipment a 
serious challenge. Entire large defense 
projects, such as manufacturing plants, 


office buildings, have been built in incredi- 
bly short times. Any one of these proj- 
ects will not be complete without an elec- 
trical distribution system. One of the 
many tasks before the electrical manu- 
facturer is to produce the necessary ap- 
paratus for the electrical distribution sys- 
tems, and have it available by the time 
the project is ready to receive it. 

In most of the recent projects power has 
been distributed to ultimate loads by 
means of the load-center power distribu- 
_ tion systems. This type, although only 
_ recently applied to low-voltage systems, 
has been used successfully for years on 
high-voltage systems in the central station 
field. The essentials of load-center dis- 
tribution for low-voltage a-c systems are 


1. A large load area is divided into small 
load areas, each ranging from 600 to 1,000 
kva at 480 volts for example. 


2. Power is distributed at medium voltage 
(2.4 to 13.2 kv) to substations, located near 
the electrical load center in each of the small 
areas where the voltage is transformed to 
utilization voltage to service the area loads. 


It has been found that the load-center 
distribution system when properly applied 
is superior to other systems from a per- 
formance standpoint, and less costly. One 
of the most important contributions of the 
electrical manufacturer to the field of low- 
voltage a-c systems in recent years has 
been the development and standardiza- 
tion of the load-center unit substation to 
service the small load areas described 
above. To the purchaser of electrical ap- 
paratus, the development and standardi- 
zation of the load-center unit substation 
means that a complete, co-ordinated, pre- 
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engineered step-down substation for a low- 
voltage a-c system may be ordered in the 
Same manner as a standard motor or 
standard motor-control equipment. 

It is the purpose of this paper to pre- 
sent 


1. A definition of a load-center unit sub- 
station. 

2. The general requirements which have 
been met by the standardized line with 
which the writers are most familiar. 


3. A description of units with illustrations. 


4. Tables for the ready selection of load- 
center unit substations. 


For clarity the term “‘load-center unit 
substation”’ is defined here as follows: 

A completely metal-enclosed integrated 
substation equipment incorporating 


1. The required high-voltage switching, 
control, and incoming circuit termination 
facilities. 


2. Transformer section or sections to trans- 
form a-c power from the medium-voltage 
range (2,400 to 15,000 volts) to the low- 
voltage range of 600 volts and below. 


3. The required low-voltage switching, con- 
trol, and outgoing feeder circuit termination 
facilities. 


An installation view of a load-center 
unit substation is shown on Figure 1. 


General Considerations 


The load-center distribution system is 
generally thought of in connection with 


a ae 


servicing a fairly large area with power. 
Thus the ultimate areas to be served usu- 
ally consist of large buildings, mines, 
yards, docks, piers, camps, and so forth. 

Safety considerations usually limit the 
highest voltage at which power may be 
carried within the load area to 13.2 kv. 
It is usually uneconomical to carry power 
to load-center locations at less than 2,400 
volts because of the large cable required 
to carry the higher currents. Thus, for a 
given application any one of the medium 
voltages may be selected for this service, 
depending on local conditions and the re- 
quirements to be met. Consequently, 
from the electrical manufacturer’s point of 
view, equipment must be available for the 
medium voltages, such as 2,400, 4,160, 
4,800, 7,200, 12,000, and 13,200 volts. 

When the circuit voltage of the avail- 
able power supply is above 13.2 kv, it is 
generally advisable to step this down to a 
voltage in the medium-voltage range for 
distribution to the load area. This can be 
conveniently accomplished by means of a 
multicircuit unit substation, such as is 
shown on Figure 2. Where many such 
load areas are to be served, and service 
reliability is at a premium, two sources of 
supply may be brought in, or the master 
substations can be networked to form a 
primary network. A mobile substation 
can be used to serve as a spare, similar to 
the one shown on Figure 3. 

From the standpoint of the load-center 
distribution, there are four types of basic 


Figure 1. Indoor installation view of load- 

center unit substation, Pyranol-filled, rated 

three-phase, 60 cycles, 100 kva, 2,400 to 
208/120 volts 


Unit has two sets of primary cutouts for alter- 

nate supply and two low-voltage air circuit 

breakers for feeder protection. Located under 

crane rails, and supplies power to fluorescent 
lamps 
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rated 


unit substation 

three-phase, 60 cycles, 4,500 kva self-cooled, 

6,000 kva forced air-cooled, 13,800 to 
2,400 volts 


Figure 2. Outdoor 


Unit has four outgoing feeder circuit breakers 
and is located next to building it serves 


circuit arrangements used.' These may 


be described as 


1. The straight radial system. 


2. The primary-selective system which 
comprises two primary lines brought into 
each load-center unit substation, usually 
with provision for connection to only one 
line at a time. 


3. The radial-primary secondary-selective 
system, which involves bringing in only one 
source of primary power, while utilizing nor- 
mally open secondary tie circuits to other 
substations to obtain power for emergency 
operation. 


Table I. 


General Requirements of Load- 
Center Unit Substations 


Rating or Description of 


Requirement Item Substation 


PEEGUENCY 5 ecusc nis oes Practically all 60 cycles 
IPRBSES F yatsy «gsi syesricis ete Three 
(100, 200, 300, 450, 500, 
Kiva ratings ova was es } 600, 750, 1,000, 1,200, 
1,500, 2,000 
Primary voltage....... lane 4,160, 4,800, 7,200, 
12,000, 13,200 


Secondary voltage..... 600, 480, 240, 208/120 
Transformer coolant... Pyranol, oil, air 
Incoming primary). ae or two (switches or 
feeders circuit breakers) 
Outgoing secondary Any number (usually less 
\ ge than ten air circuit 


feeders 
breakers) 
Enclosures............ te, general purpose 
outdoor: weatherproof 


System type 

One incoming primary cir- 
1. Straight radial... } cuit tosubstation, radial 

secondary feeders 
Preferred and emergency 
incoming primary cir- 
cuits to substation, 
radial secondary feeders 
One incoming primary cir- 
cuit to substation, 
radial secondary feeders 
with secondary emer- 
gency tie circuits to 

other substations 
One incoming primary cir- 
cuit to substation, sec- 
ondary-network protec- 


2. Primary selec- \ : 
tive 


3. Secondary aor = 
lective 


4. Ree 


network tor, radial secondary 
feeders, secondary tie 
circuits 
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4. The low-voltage network scheme. 


Any one or several of these basic sys- 
tems may be used in a given application, 
depending upon the requirements to be 
met. 

The low-voltage ratings of load-center 
unit substations are fixed by the Ameri- 
can Standards Association standard three- 
phase transformer voltages which are 
600, 480, 240, and 208/120 Y volts. It 
has been found that the ASA standard 
kilovolt-ampere ratings, from 100 through 
2,000 kva inclusive, cover nearly 100 per 
cent of the application requirements for 
this type of equipment. 

The requirements as to location are 
such that it is essential to have available 
units for both indoor and outdoor service. 
These two types allow the distribution 
engineer to locate the substation in elec- 
trical load-center locations, often in space 
that would otherwise be worthless. An in- 
stallation view of an outdoor unit is shown 
on Figure 4. 

Thus, the general requirements to be 
met by such equipment may be tabulated 
as in Table I. 


‘ 


Description of Equipment 


The transformer section of the load- 
center unit substation consists of a three- 
phase transformer with leads from the 
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Figure 3. Side view of 1,000-kva mobile 
substation 


high- and low-voltage windings brought 
out of the tank through side-wall bushings 
to metal-enclosed bus connections known 
as throats. The throats are built integral 
with the transformer tanks, with the low- 
voltage throat located on one short-di- 
mension side of the tank and the high- 
voltage throat located on the opposite side 
of the tank. The high-voltage throat is 
arranged so that any one of a number of 
high-voltage arrangements of switching 
equipment and cable-termination appara- 
tus may be connected to it, while the 
low-voltage throat is arranged for connec- 
tion to metal-enclosed low-voltage switch- 
gear, 

The high-voltage equipment may con- 
sist of metal-enclosed switchgear. Cir- 
cuit breakers are available with interrupt- 
ing ratings from 25,000 to 150,000 kva in 
5-kv metal-clad equipments, and 250,000 


Figure 4. Outdoor installation view of load- 

center unit substation, Pyranol-filled, rated 

three-phase, 60 cycles, 1,500 kva, 13,800 to 
575 volts 


Unit has primary liquid-filled disconnecting 

switch and ten low-voltage air circuit breakers 

for protection of feeders supplying office 
building. Transformer at right is spare 


ELECTRICAL ENGINEERING 


Load-Center Unit-Substation Application Table II. 


Figure 6. Load-center unit substation with 
two primary circuit breakers 


4 


Figure 7. Load-center unit substation with 
two primary circuit-breaker positions and one 


For Use in Connection With Load-Center Unit Substations 


Transformer Kilovolt-Ampere Rating 


circuit breaker 


120/208 Y Volts, Three-Phase 


Jury 1942, Vou. 61 
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TRANSACTIONS 521 


ees 100 150 200 300 450 500 600 750 1,000 1,200 1,500 
oes Normal Current (Amperes) 
a 278 417 556 834 1,250 1,388 1,665 2,080 2,780 3,330 4,164 
hie 3 For Transformer Main Low-Voltage Breaker (Selection Based on Adequate Interrupting and Current Rating) 
VTELE 1 te ee eee 25-AE1B...25-AE1B...25-AE1B...50-AL2 ...50-AL2 ....50-AL2 ....75-AL2 ....75-AL2 75-AL2 100-AL2 100-AL2 
50,000 ...... SCARINGISS ADIN: SEALID.. GOKY2 ...50-AL2 ....50-AL2 ... \75-4L2,. VALS (1. 7EALa LO CMOMALE... 100ATO 
MO IOS Bacon igs 25-AE1B...25-AE1B...25-AE1B...50-AL2 ...50-AL2 ....50-AL2 ....75-AL2 ....75-AL2 ....75-AL2 ....100-AL2....100-AL2 
TO ODO se. ex 25-AE1B.. -25-AE1B. ..25-AE1B...50-AL2 ...50-AL2 ....50-AL2 .-75-AL2 ....75-AL2 ....75-AL2 ....100-AL2....100-AL2 
: TBOOO0) sas ut's « 25-AB1B...25-AE1B...25-AE1B...50-AL2 ...50-AL2 ....50-AL2 ....75-AL2 ....75-AL2 ....75-AL2 ....100-AL2....100-AL2 
DOO © scare os 25-AE1B...25-AE1B...25-AE1B...50-AL2 ...50-AL2 ....50-AL2 ....75-AL2 ....75-AL2 ....75-AL2 ....100-AL2....100-AL2 
500,000 RT cnc 25-AE1B...25-AE1B...25-AE1B...50-AL2 ...50-AL2 ....50-AL2 ....75-AL2 ....75-AL2 ....75-AL2 ....100-AL2....100-AL2 
Unlimited... ... 25-AE1B...25-AE1B...25-AE1B...50-AL2 ...50-AL2 . .50-AL2 ..75-AL2 ..75-AL2 ..75-AL2 ..100-AL2 
¥. 3 aw For Transformer Multiple poe voters, Breakers (Selection Based on Adequate Interrupting Rating Only. Check Current Ratings From 
Table V) 
20,000 wa. 15-AE1A...15-AE1A...15-AE1A...25-AEIB...50-AL2 ....50-AL2 ....50-AL2 ....50-AL2 ....50-AL2 .. 75-AL2.... 75-AL2 
BU D00' Foo sax = 15-AE1A...15-AEB1A...15-AE1A...25-AE1B...50-AL2 ....50-AL2 ....50-AL2 ....50-AL2 ....75-AL2 ». T6-AL2.... 75-AL2 
FEOOD wives 15-AE1A...15-AE1A...15-AE1A...25-AE1B...50-AL2 ..-50-AL2 ...560-AL2 ....50-AL2 ....75-AL2 .. T5-AL2....100-AL2 
100,000 .15-AE1A...15-AE1A...15-AE1A...25-AE1B...50-AL2 -..00-AL2 .2..50-AL2 ....50-AL2 ....75-AL2 .... 75-AL2 ...100-AL2 
TECEDOO!S sei. o 15-AE1A,..15-AE1A...15-AE1A...25-AE1B...50-AL2 ...50-AL2 ....50-AL2 ....50-AL2 ....75-AL2 ....100-AL2....100-AL2 
250,000 ..15-AE1A...15-AE1A...25-AE1B...25-AE1B...50-AL2 --,00-AL2 ....50-AL2 ....50-AL2 ....75-AL2 .....100-AL2....100-AL2 
SOOL000 G0 aus 15-AE1A...15-AE1A...25-AE1B...25-AE1B...50-AL2 ...00-AL2 ....50-AL2 ....75-AL2 ....75-AL2 ....100-AL2.... .100-AL2 
Unlimited... ... 15-AE1A...15-AE1A...25-AE1B. ..25-AE1B...50-AL2 . .50-AL2 . .50-AL2 ..75-AL2 ..75-AL2 . .100-AL2 
Ii. 3 For Branch Circuit Breakers Co-ordinated With Transformer Main Low-Voltage Breaker (Selection Based on Adequate Interrupting Rating 
Only. Check Current Ratings From Table V) 
957000! fe v8 15-AE1A...15-AE1A...15-AE1A...15-AE1A...15-AE1A....15-AE1A....25-AE1B....25-AE1B....25-AE1B.... 50-AL2.... 50-AL2 
EO OOO.) Vato. © 15-AE1A...15-AE1A...15-AE1A...15-AE1A...15-AE1A....25-AE1B....25-AE1B....25-AE1B....50-AL2 .... 50-AL2.... 50-AL2 
o.000 Mo. sae ss 15-AE1A...15-AE1A...15-AE1A...15-AE1A...25-AE1B....25-AE1B....25-AE1B....25-AE1B....50-AL2 .. 50-AL2.... 50-AL2 
TOR000, Zee... 15-AE1A...15-AE1A...15-AE1A...15-AE1A...25-AE1B....25-AE1B....25-AE1B....25-AE1B....50-AL2 .. 50-AL2.... 50-AL2 
150,000 .15-AE1A...15-AE1A...15-AE1A...15-AE1A...25-AE1B....25-AE1B....25-AE1B....25-AE1B....50-AL2 .. 50-AL2.... 50-AL2 
SOU0OO Pee. y 15-AE1A...15-AE1A...15-AE1A...15-AE1A...25-AE1B....25-AE1B....25-AE1B....25-AE1B....50-AL2 .. 50-AL2.... 50-AL2 
OOO Crs ess 15-AE1A...15-AE1A...15-AE1A...15-AE1A...25-AE1B....25-AE1B....25-AE1B....50-AL2 . .50-AL2 .. 50-AL2.... 50-AL2 
Unlimited...... 15-AE1A...15-AE1A...15-AE1A...15-AE1A...25-AE1B....25-AE1B....25-AE1B....50-AL2 . .50-AL2 . 50-AL2 
EVE Total Low-Voltage Short-Circuit Currents—Amperes RMS (Impedances as Given in Table V, Total Connected Motor Kilovolt-Amperes 
Equals 50 Per Cent of Transformer Rating) 
25,000 . .8,580 ...12,800 ...13,300 ...18,800 . 26,100 .. .28,300 32,300 .. 85,800 ..-43,500 .. 48,600 aod, 700 
BO OOO = Sg < sos 8,970 . .13,200 ..14,200 ...20,700 29,600 .. .382,400 37,800 . 42,300 .. .53,300 . ..61,000 ee) WL, 600) 
mS OOO =. a2 oss 9,110 ...13,400 57a. OOD * 21,500 31,000 . 384,100 40,100 ....45,200 .. .57,800 .. .64,900 .. 79,800 
PEK OOO! 9 con. 2. o < 9,170 wate,000.., .14,800° ..221,700 31,800 ...385,000 41,300 .. .46,800 .. 60,400 .. .70,500 .. 84,800 
150,000 . .9,240 Ps, 700) 9. 2.34:900  ...22,100 32,600 . . 36,000 42,700 .. -48,500 .. 63,300 ...74,400 . 90,600 
BOOL0UO “ale ~ . o- 9,280 ..- 18,900 ..15,000 ...22,400 33,300 .. .86,800 43,900 ...650,000 .. .65,900 vats OO 95,700 
HOSOI eB ct gic ote 9,350 ...14,000 ..15,100 . . 22,600 33,800 . .87,500 44,800 ...51,300 .» .67,900 ...81,000 100, 000 
Unlimited...... 9,380 . . 14,100 . .15,200 . 22,900 34,400 . .88,100 45,900 . 52,500 . .70,200 . 84,100 . 105,000 
1. For different voltage Gases multiply vats in Table IV by the ratio: Standard gritage/ New voltage 
2. Transformer contributes approximately 91 per cent of total short-circuit current for 50 per cent connected motors 
Ve Transformer Impedance Per Cent 
4.0 4.0 5.0 5.0 5.0 5.0 5.0 5.5 Ae 5.5 bs! 
VI. Magnetic Air Circuit Breakers Available 
Interrupting 
Rating : , ; 
Type (RMS Amperes) Standard Continuous-Current Trip Ratings (Amperes) 
VSPA VAC @ 5 i203 2%.0' = ASOD rates !3 15, 20, 25, 35, 50, 70, 90, 100, 125, 150, 175, 200, 225 A 
Db-A BiB aes. taal 25:0008 25.4 15, 20, 25, 35, 50, 70, 90, 100, 125, 150, 175, 200, 225, 250, 275, 300, 325, 350, 400, 450, 500, 550, 600 
BOSAUG 2) epee era case 50,000s7e> 4-6 15, 20, 25, 35, 50, 70, 90, 100, 125, 150, 175, 200, 225, 250, 275, 300, 325, 350, 400, 450, 500, 550, 600, 800, 1,000, 1,200, 1,600 
id= ATip ihe ns shat shee sista UD, OOO wets <5 2,000, 2,500, 3,000 
OO SAvs= Zier pete cle) ct alehs TOOL0OOR ete = 4,000, 5,000, 6,000 


; : ; Figure 9. Load-center unit substation with 
REN ese ib rane with two sets of primary liquid-filled cutouts in Figure 10. Load-center unit substation with 
primary flange-mounted liquid-filled cutouts | free standing enclosure orimary’ liquid-filled ‘Hangeomeunted eer ten 


Load-Center Unit-Substation Application Table Ill. 240 Volts, Three-Phase 
For Use in Connection With Load-Center Unit Substations Only 


Transformer Kilovolt-Ampere Rating 


Available 100 150 200 300 450 500 600 750 1,000 1,200 1,500 


Primary 
3-Phase 


—' an 
bate poe 241 361 481 722 1,083 1,203 1,443 1,804 2,406 2,886 3,609 


Normal Current (Amperes) 


For Transformer Main Low-Voltage Breakers (Selection Based on Adequate Interrupting and Current Rating) 


25,000 ......25-AE1B...25-AE1B...25-AE1B....50-AL2 ....50-AL2 ....50-AL2 ....50-AL2 ....75-AL2 ....75-AL2 .... 75-AL2....100-AL2 
HOW) 555500 OR ATIB Woh ARID) o5- ABI se 50-ALO..,.50-Al2 50a Loss 50-AL2 =e GcAI Ome) abo AT) meweenty 5 =A homme OO este 
75,000 ......25-AE1B...25-AE1B...25-AE1B....50-AL2 ....50-AL2 ...-50-AL2 ....50-AL2 ....75-AL2 ....75-AL2 .... 75-AL2....100-AI 2 
1000008 Henne 98-AB1B...26-AE1B...25-AB1B....50-AL2 ....50-AL2 ...:50-AL2 ....50-AL2 ....75-AL2 ....75-AL2 .... 75-AL2....100-AL2 
TAMOON seosce ORIATIB EOS ARID UNOSUABIB... (502AD2 sp -50-AL2) 97s050-Al2) 0.) /60-A12 0 75-ALO 76-4002 ene 7b-A Ton ee OO-Auee 
ARWO0)  saoase 25-AE1B...25-AE1B...25-AE1B....50-AL2 ....50-AL2 ....50-AL2 ....50-AL2 ....75-AL2 ....75-AL2 .... 75-AL2....100-AL2 
500,000 ......25-AE1B...25-AB1B...25-AE1B....50-AL2 ....50-AL2 ....50-AL2 ....50-AL2 ....75-AL2 ....75-AL2 ....100-AL2....100-AL2 
nl iicd eo AT IID Mo seA Bas o5-AB IB W,850-N12) 6. 6n50-AL2 fe. 50-AL2 meer 50-A Lom. 2675 ADoee 7.524 eee 002A 2 Seem OO sau 
II. 4 fee For Transformer Multiple Low-Voltage Breakers (Selection Based on Adequate Interruping Rating Only. Check Current Ratings From Table V) 
O5 0008 succs 15-AEIA.- 15-APIA..-15-ABIA....25-AB1B...,502AL2) ..-.50-AL2) 4.4.502AL2 = ...60-AL2 ...).50-Al2i se 7b-AL 2 enn oan? 
BOOOOm tan 15eABIAS Th APIA §S15-ABIAy,..25-ABIB™..60-Al2 -./50-AL2. 0) /502AL2 |... 602A12) 0.8 75-AlLo wenn b-All on men pean 
TS OUUM GLA TAMER IG AIA dO-AB IA, S25-ABIB 1 2250-A02) 6 602A02 seq 502AT2) See n50-AL2) 2), 76-Al2 enero AT) et OaNee 
TOD O00 ME eer: {50AEIA MIS-AE1A... 15-APIAS). .25-ABIB....50-AL2 >. .60-AT2 ....60-AL2 |.) 505AL2 52. 8752AL2 sone 75-AL owes etoosame 
L5O000 Me 15-ADTA SC ID-ABIA S15-ABDAS-625-ABIB..,.750-ALS) 1). 50-AL2) 45) ,50-AN2 5 )850-AL20 1). 752ALo | eno Alone OdsAuce 
250,000 ...... 15-AF1A...15-AE1A...15-AE1A....25-AE1B....50-AL2 ....50-AL2 ....50-AL2 ....50-AL2 ....75-AL2 .... 75-AL2....100-AL2 
SOO COOMm Ee 15-AB1A...15-AE1A...15-AEIA..,.25-AE1B....50-AL2 ....50-AL2 ....50-AL2 ....50-AL2 ....75-AL2 ....100-AL2..,.100-An2 
Unlimited... ... 16-AE1A...15-AB1A...15-AE1A....25-AE1B....50-AL2 ...,50-AL2 ....50-AL2 ....75-AL2 ..,.75-AL2 ....100-AL2....100-AL2 


Til. For Branch Circuit Breakers Co-ordinated With Transformer Main Low-Voltage Breaker (Selection Based on Adequate Interrupting Rating 
3 ini Only. Check Current Ratings From Table V) 


20,000 8 ius serciste 15-AE1A...15-AE1A...15-AE1A....15-AEI1A....15-AE1A....15-AE1A....25-AE1B....25-AE1B....25-AE1B.... 50-AL2.... 50-AL2 
50000 ies sates 15-AE1A...15-AE1A...15-AE1A....15-AEIA....15-AE1A....25-AE1B....25-AE1B....25-AE1B....50-AL2 .... 50-AL2.... 50-AL2 
75 OOOma se mecle 15-AE1A...15-AEIA...15-AE1A....15-AEI1A....15-AEIA....25-AE1B....25-AE1B....25-AE1B....50-AL2 .... 50-AL2.... 50-AL2 
LOOJ000 ears eet 15-AB1A,..15-AEJA...15-AE1A....15-AE1A....25-AE1B....25-AE1B....25-AE1B....25-AE1B....50-AL2 .... 50-AL2 .. 50-AL2 
50: 000 Seana see 15-AE1A...15-AE1A...15-AE1A....15-AE1A....25-AE1B....25-AE1B....25-AE1B....25-AE1B....50-AL2 .... 50-AL2.... 50-AL2 
250,000 Mena 15-AE1A...15-AE1A...15-AE1A....15-AE1A....25-AE1B....25-AE1B....25-AE1B....25-AE1B....50-AL2 .... 50-AL2.... 50-AL2 
S00 O00 pen -te rere 15-AE1A...15-AE1A...15-AE1A....15-AE1A....25-AE1B....25-AE1B....25-AE1B....25-AE1B....50-AL2 .... 50-AL2.... 50-AL2 
Unlimited...... 15-AE1A...15-AE1A...15-AEIA....15-AE1A....25-AE1B....25-AE1B....25-AE1B....50-AL2 ....50-AL2 .... 50-AL2.... 50-AL2 
IBY Total Low-Voltage Short-Circuit Current—RMS Amperes (Impedances As Given in Table V, Total Connected Motor Kilovolt-Amperes Equals 
= 100 Per Cent of Transformer Rating) 

25,000 ......8,040 -o1;600  -..12;800 ....18,200 ....25,200 ...-27,500 ....31;600! ....35,600'  3...43,700 2.252.500). 25) 574300 
50,000 Re... ee ,8,370 --.12,300  ...13,500 ....19,720 ....28,300 ....31,;100 ....36,300 ....41,300. ....52,200 ....57,000 .... 71,200 
CHU  sanas /.8,470 ...12,600  ...13,800 ....20,300 ....29,600 ....32,500 ....38,300 ....43,700 ....56,100 ....62,700 .... 78,300 
100,000 ......8,550 --.12,700 ...14,000 ....20,600 ....30,200 ....33,300 ....39,400 ....45,100 ....58,300 ....66,200 .... 82,500 
LO O00 es aver 8,610 -- 12,800 ...14,100 ....21,000 ....30,900 ....34,200 ....40,600 ....46,600 ....60,800 ....70,000 .... 87,500 
ZOO OOOM ie ante 8,650 --.12,900 ...14,200 ....21,200 ....31,500 ....34,900 ....41,700 ....48,000 ....63,000 ....73,700 .... 92,000 
SOOOOOW a. = ss 8,700 -..13,000 ...14,300 ....21,500 ....382,000 ....35,500 ....42,400 ....49,000 ....64,800 ....76,800 .... 95,900 
Unlimited...... 8,730 --.18,100  ...14,400 ....21,700 ....32,500 ....36,100 ....438,300 ....50,100 ....66,700 ....80,200 .... 100,000 


1. For different voltage base, multiply values in Table IV by the ratio: Standard voltage/New voltage 


2. Transformer contributes approximately 84 per cent of total short-circuit current for 100 per cent connected motors 


Vv. Transformer Impedance Per Cent 
4.0 4.0 5.0 5.0 5.0 5.0 5.0 525) 5.0) GAs 5.5 
VI. Magnetic Air Circuit Breakers Available 
Interrupting 
Rating 
Type (RMS Amperes) Standard Continuous-Current Trip Ratings (Amperes) 
P5-AB TA Sec csr aes + Tb;000e eee 15, 20, 25, 35, 50, 70, 90, 100, 125, 150, 175, 200, 225 
DD ATOMES eee) teietencieiere ASN. sooncnoocr 15, 20, 25, 35, 50, 70, 90, 100, 125, 150, 175, 200, 225, 250, 275, 300, 325, 350, 400, 450, 500, 550. 600 
BOAT Ao reccraccis\e oie ONS; sono cnacs 15, 20, 25, 35, 50, 70, 90, 100, 125, 150, 175, 200, 225, 250, 275, 300, 325, 350, 400, 450, 500, 550 "600 800, 1,000, 1,200 
1,600 , , , ’ , » 4+) 
Ba AnD etevela.stecers «sie 5, O00 Septet meeienree 2,000, 2,500, 3,000 
TOO FAT =o We cece cera terove = ICU 5 damonasies 4,000, 5,000, 6,000 
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va in J metal-clad equip- 
The peaiet lift removable type 
Braker is standard in these equip- 
ments. Instruments, meters, and relays, 
nounted on steel panels, may be part of 
aceon 


ain there may be two breakers to meet 


prises two breaker positions and only one 
breaker, as shown in Figure 7. One re- 
movable breaker is arranged so that it can 
be inserted in either of the two breaker 
positions. This, of course, results in a 
lower installed cost and has proved at- 
tractive for some applications. 

In place of the high-voltage metal-en- 
closed switchgear a set of three flange- 


volts, 250 amperes continuous. Most 
applications of the switch have utilized 
the switch as a disconnect only, with cop- 
per disconnecting blades in place of fuse 
links. The cutouts may be fused in the 
smaller ratings, when co-ordination with 
the low-voltage circuit breakers can be 
obtained such that the low-voltage circuit 
breakers will clear secondary faults before 


. 


requirements of the primary-selective 
heme as shown in Figure 6. A modifica- 
tion of the primary-selective scheme com- 


mounted gang-operated oil-filled cutout 
switches may be used, as shown in Figure 
8. This type of switch is rated five kilo- 


primary fuses are damaged. Cutouts 
may be fused up to 100 amperes at 5 kv 
and 200 amperes at 2.5 kv, with inter- 


Load-Center Unit-Substation Application Table 1V. 480 Volts, Three-Phase 
For Use in Connection With Load-Center Unit Substations Only 


ee 


Transformer Kiloyolt-Ampere Rating 


wre an 100 150 200 300 450 500 600 750 1,000 1,200 1,500 2,000 
3-Phase Normal Current (Amperes 
Short-Circuit Md 
Kva 120 181 241 361 542 601 722 902 1,203 1,443 1,804 2,406 
Tr. é ‘ For Transformer Main Low-Voltage Breakers (Selection Based on Adequate Interrupting and Current Rating) 
SACOM MME i oie ba 15-AE1A..15-AE1A. .25-AE1B. .25-AE1B. .25-AE1B..25-AE1B..50-AL2 ...50-AL2 ..00-AL2 ...50-AL2 ...75-AL2 ...75-AL2 
OOM T vcicic cic x na.e 15-AE1A..15-AE1A. .25-AE1B. .25-AE1B. .25-AE1B. .25-AE1B..50-AL2 ...50-AL2 ...50-AL2 ...50-AL2 .. -75-AL2 ...75-AL2 
PENI gc enaiv a» oe 15-AEB1A..15-AEBIA. .25-AE1B. .25-AE1B. .25-AE1B..25-AE1B..50-AL2 ...50-AL2....50-AL2 ...50-AL2 ...75-AL2 .. .75-AL2 
Tl U9 oy ae eee 15-AEIA..15-AE1A. .25-AE1B. .25-AE1B..25-AE1B..25-AE1B..50-AL2 ...50-AL2 ...50-AL2 ...50-AL2 ...75-AL2 ...75-AL2 
150,000 15-AB1A..15-AE1A. .25-AE1B. .25-AE1B..25-AE1B. .25-AE1B..50-AL2 ...50-AL2 ...50-AL2 ...50-AL2 ...75-AL2 ...75-AL2 
SOQ 000 4.22. ons 15-AE1A..15-AE1A. .25-AE1B. .25-AE1B. .25-AE1B. .25-AE1B..50-AL2 ...50-AL2 ...50-AL2 ...50-AL2 ...75-AL2 ...75-AL2 
A a ea 15-AEB1A. .15-AE1A. .25-AE1B. .25-AE1B. .25-AE1B..25-AE1B..50-AL2 ...50-AL2 ...50-AL2 ...50-AL2 ...75-AL2 ...75-AL2 
Unlimited... .....15-AE1A..15-AE1A..25-AE1B. .25-AE1B. .25-AE1B. .25-AE1B. .50-AL2 . .50-AL2 -.50-AL2 ...50-AL2 .,76-AL2 ..75-AL2 
It. 3 $f For Transformer Multiple Low-Voltage Breakers (Selection Based on Adequate Interrupting Rating Only. Check Current Ratings From 
Table V) 
PEON, cara c wc 15-AE1A..15-AE1A..15-AE1A..15-AE1A..15-AE1A..15-AE1A..25-AE1B...25-AE1B...25-AE1B...25-AE1B...50-AL2 ...50-AL2 
50,000 -15-AE1A..15-AE1A..15-AE1A. .15-AE1A..15-AE1A..25-AE1B..25-AE1B...25-AE1B...50-AL2 ...50-AL2 ...50-AL2 ...50-AL2 
(AU Se oe ee 15-AEBIA..15-AE1A..15-AE1A..15-AE1A..15-AE1A, .25-AE1B, .25-AE1B...25-AE1B...50-AL2 ...50-AL2 ...50-AL2 ...50-AL2 
PRR OOO Sos dca pes 15-AE1A..15-AE1A..15-AE1A..15-AE1A..25-AE1B..25-AE1B..25-AE1B...25-AE1B...50-AL2 ...50-AL2 ...50-AL2 ...75-AL2 
150,000 .15-AE1A..15-AE1A..15-AE1A..15-AE1A. .25-AE1B. .25-AE1B..25-AE1B...25-AE1B...50-AL2 ...50-AL2 ...50-AL2 ...75-AL2 
BoO.00O: . ds ests 15-AE1A..15-AE1A..15-AEI1A..15-AEI1A. .25-AEIB. .25-AE1B..25-AE1B...25-AE1B...50-AL2 ...50-AL2 ...50-AL2 ...75-AL2 
REE RS Pcie re: « 15-AEIA..15-AEBI1A..15-AEIA..15-AE1A..25-AEI1B. .25-AEI1B..25-AEI1B...25-AE1B...50-AL2 ...50-AL2 ...50-AL2 ...75-AL2 
intimated .. 2 a5 15-AE1A..15-AE1A..15-AE1A..15-AE1A..25-AE1B. .25-AE1B. .25-AEI1B...25-AE1B...50-AL2 .. 5O-AL2 ...75-AL2 ..75-AL2 
I. For Branch Circuit Breakers Co-ordinated With Transformer Main Low-Voltage Breaker (Selection Based on Adequate Interrupting Rating 
3 : fa Only. Check Current Ratings From Table V) 
OOOO J cicton cis axe 15-AE1A..15-AE1A..15-AE1A..15-AE1A..15-AE1A..15-AE1A..15-AE1A...15-AE1A...15-AE1A...15-AE1A...15-AE1A...25-AE1B 
289 0 ae ge ae 15-AE1A..15-AE1A..15-AE1A..15-AE1A..15-AE1A..15-AE1A..15-AE1A...15-AE1A...15-AE1A...25-AE1B...25-AE1B...25-AE1B 
75,000 ...15-AE1A..15-AE1A..15-AE1A..15-AE1A..15-AE1A..15-AE1A..15-AE1A...15-AE1A...15-AE1A...25-AE1B...25-AE1B...25-AEIB 
100,000 ..15-AE1A..15-AE1A..15-AE1A..15-AE1A..15-AE1A..15-AE1A..15-AE1A...15-AE1A...15-AE1A...25-AE1B..,25-AE1B...50-AL2 
150,000 _15-AE1A..15-AE1A..15-AE1A..15-AE1A..15-AE1A..15-AE1A..15-AE1A...15-AE1A...25-AE1B...25-AE1B...25-AE1B...50-AL2 
2k) a 15-AE1A..15-AE1A..15-AE1A..15-AE1A..15-AE1A..15-AE1A..15-AE1A...15-AE1A...25-AE1B...25-AE1B...25-AE1B...50-AL2 
RO SION ee Sora source 15-AE1A..15-AE1A..15-AE1A..15-AE1A..15-AE1A..15-AE1A..15-AE1A...15-AE1A...25-AE1B...25-AE1B...25-AE1B...50-AL2 
inlimited. ..<- 1. 15-AE1A..15-AE1A..15-AE1A..15-AE1A..15-AE1A..15-AE1A..15-AE1A..,15-AE1A...25-AE1B...25-AE1B...50-AL2 ...50-AL2 
IV. Total Low-Voltage Short-Circuit Current—RMS Amperes (Impedance As Given in Table V, Total Connected Motor Kilovolt-Amperes Equals 
100 Per Cent of Transformer Rating) 
00 
ry CO > cae cee aidan 4,020 . .5,810 . .6,390 . 9,080 ..12,700- ..13,800 rib,300. 4.175800) “272 21;800' «124,700 ©... - 28,600 .. 34,4 
OOO 6 x bes eee 4,180 - 6,150 . .6,760 . 9,860 ..14,200 ..15,500 . 18,200 . 20,600 ...26,100 ...30,600 ...35,600 ...43,800 
75,000 as 4.250 . 6,270 . .6,910 .. 10,200 ..14,800 -..16,800 ..19,200 21,900 ...28,100 ...82,600 ...39,100 ...49,000 
BOG COO “cco. cs 4280 ..6,340 ..6,980 ..10,300 ..15,100 ..16,700 ..19,700 221500 ...29.200 ...34,200 ...41,300 ...52,200 
150.000; 2 oc. 5.. 4310 ..6400 ..7,050 ..10,500 -..15,500 ..17,100 ..20,300 23300 ...30,400 ...35,900 ...43,800 ...56,200 
250,000 NR a '4.330 . .6,460 ey fe 1) .-10,600 ..15,800 ..17,500 ..20,800 24000 ~.2781,500 «..37,400' ...46;000  ;..259;900 
500,000 oe 4.350 . .6,500 ee LOO ..-10,700 ..16,000 ..17,800 ..21,200 24,500 ...32,400 ...38,700 ...47,900 ...63,000 
Unlimited........4370 ..6,540 ..7,200 ..10,800 ..16,300 ..18,100 ..21,700 25,000 ...33.400 ...40,000 ...50,100 ...66,800 
1. For different voltage base, multiply values in Table IV by the ratio: Standard voltage/New voltage 
2. Transformer contributes approximately 84 per cent of total short-circuit current for 100 per cent connected motors 
Vv Transformer Impedance Per Cent 
4.0 4.0 5.0 5.0 5.0 5.0 5.0 55 a5 5,5 5.5 Bes 
vI Magnetic Air Circuit Breakers Available 
Interrupting 
Rating : - a 
Type (RMS Amperes) Standard Continuous-Current Trip Ratings (Amperes) 
0, 70, 90, 100, 125, 150, 175, 200, 225 
Benin PENNS ae i nae ar, A on a aE on a 90, 100, 125, 150, 175, 200, 225, 250, 275, 300, 325, 350, 400, 450, 500, 550, 600 ote “WE 
res eae 950,000. isi. oa 15, 20, 25,35, 50, 70, 90, 100, 125, 150, 175, 200, 225, 250, 275, 300, 325, 350, 400, 450, 500, 550, 600, 800, 1,000, 1,20 
TSANG BS Ot 5 Wetec TAS OE eek eI Oc 2,000, 2,500, 3,000 
MOO=AU a Samecerchetstct<|ea= HOC! O0Omeere scsi 4,000, 5,000, 6,000 
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rupting ratings of 5,000 amperes rms 
at 5 kv, and 10,000 amperes rms at 
2.5 kv. 

For a five-kilovolt primary-selective 
system two sets of cutouts are available 
in a free-standing metal house. All of the 
cutouts have gang-operating mechanisms, 
usually interlocked so that only one set 
can be closed at a time. This arrange- 
_ment is shown in Figure 9. 

A liquid-filled 15-kv disconnecting 
switch arrangement is shown in Figure 


10. This switch is the one developed for 
network transformers. It is suitable for 
circuits with normal currents up to 200 
amperes. The switch may be filled with 
either oil or Pyranol, depending upon the 
application. 

In addition to these high-voltage ar- 
rangements, the load-center unit substa- 
tion may be equipped with a cable ter- 
minal and junction box without any dis- 
connecting means. These may be oil- or 
Pyranol-filled for either 5-kv or 15-kv 


circuits, or air-filled for 5-kv circuits. — 
This arrangement is shown in Figure 117 

The transformer section itself is avail- 
able in all standard three-phase kilovolt- 
ampere ratings from 100 to 2,000 kva. 
Transformers rated above 250 kva are 
equipped with four 2'/, per cent taps 
spaced two above and two below normal 
high voltage. Automatic voltage-regu- 
lating equipment is not included in the 
transformer section, because there has 
been no demand for this equipment. 


Load-Center Unit-Substation Application Table Y. 600 Volts, Three-Phase 
For Use in Connection With Load-Center Unit Substations Only 


Transformer Kilovolt-Ampere Rating 


Available 100 150 200 300 450 500 600 750 1,000 1,200 1,500 2,000 
Primary 
3-Phase Normal Current (Amperes) 
Short-Circuit 
Kva 96.2 144 192 289 433 481 577 722 962 1,154 1,444 1,925 
I, 3 : For Transformer Main Low-Voltage Breaker (Selection Based on Adequate Interrupting and Current Rating) 
ZOIOOO Peat oie 15-AE1A..15-AE1A..15-AE1A. .25-AE1B. .25-AE1B..25-AE1B..25-AE1B...50-AL2 ...50-AL2 ...50-AL2 ...50-AL2 .. .75-AL2 
DOSO00 8 ear t cary 15-AE1A..15-AE1A..15-AE1A. .25-AE1B..25-AE1B..25-AE1B..25-AE1B...50-AL2 ...50-AL2 ...50-AL2 ...50-AL2 ...75-AL2 
OOOO! 8 3a) Aoiiaee 15-AE1A..15-AE1A..15-AE1A. .25-AE1B..25-AE1B..25-AE1B..25-AE1B...50-AL2 ...50-AL2 ...50-AL2 ...50-AL2 ...75-AL2 
MOO KO  taanens 15-AE1A..15-AE1A..15-AE1A. .25-AE1B..25-AE1B. .25-AE1B. .25-AE1B...50-AL2 ...50-AL2 ...50-AL2 ...50-AL2 ...75-AL2 
TEOSO0O wre a crates 15-AE1A..15-AF1A..15-AE1A. .25-AE1B. .25-AE1B. .25-AE1B. .25-AE1B...50-AL2 ...50-AL2 ...50-AL2 ...50-AL2 ...75-AL2 
250,000 ........15-AE1A..15-AE1A..15-AE1A..25-AE1B..25-AE1B. .25-AE1B..25-AE1B...50-AL2 ...50-AL2 ...50-AL2 ...50-AL2 ...75-AL2 
BO OO ie ti ses ne 15-AEB1A..15-AE1A..15-AE1A. .25-AE1B. .25-AE1B. .25-AE1B. .25-AE1B...50-AL2 ...50-AL2 ...50-AL2 ...50-AL2 ...75-AL2 
Unlimited........ 15-AE1A..15-AE1A,.15-AE1A, .25-AE1B..25-AE1B. .25-AE1B. .25-AE1B.. .50-AL2 . .50-AL2 . .50-AL2 . .50-AL2 .. 75-AL2 
II. ; For Transformer Multiple Low-Voltage Breakers (Selection Based on Adequate Interrupting Rating Only. Check Current Ratings From 
3if< Table V) 
ZOO00F 0 fac ea 15-AE1A..15-AE1A. 15-AE1A..15-AE1A..15-AE1A..15-AE1A..15-AE1A...15-AE1A...25-AE1B...25-AE1B...25-AE1B...50-AL2 
DO ODO Boies ees. 15-AE1A..15-AE1A..15-AE1A. .15-AE1A..15-AE1A..15-AE1A..15-AE1A...25-AE1B...25-AE1B...25-AE1B...50-AL2 ...50-AL2 
75,000 ..15-AE1A..15-AE1A,.15-AE1A..15-AE1A..15-AE1A..15-AEJA..15-AE1A...25-AE1B...25-AE1B...50-AL2 ...50-AL2 ...50-AL2 
100,000 ..15-AE1A..15-AE1A..15-AE1A..15-AE1A..15-AE1A..15-AE1A..25-AE1B...25-AE1B...25-AE1B...50-AL2 ...50-AL2 ...50-AL2 
150,000 ..15-AE1A..15-AE1A,.15-AE1A..15-AE1A..15-AE1A..15-AE1A..25-AE1B...25-AE1B...25-AE1B...50-AL2 ...50-AL2 ...50-AL2 
250,000 ........15-AE1A..15-AE1A..15-AE1A..15-AE1A..15-AE1A..15-AE1A..25-AE1B...25-AE1B...50-AL2 ..50-AL2 ...50-AL2 ...50-AL2 
SOO O00 Be cra cia cir 15-AE1A..15-AE1A..15-AE1A..15-AE1A..15-AE1A..15-AE1A..25-AE1B...25-AE1B...50-AL2 ...50-AL2 ...50-AL2 ...75-AL2 
Unlimited . .15-AE1A..15-AE1A..15-AE1A..15-AE1A..15-AE1A..15-AE1A..25-AE1B...25-AE1B...50-AL2 ...50-AL2 ...50-AL2 ..75-AL2 
III. 3 nf For Branch Circuit Breakers Co-ordinated With Transformer Main Low-Voltage Breaker (Selection Based on Adequate Interrupting Rating 
Only. Check Current Ratings From Table V) 
25,0002 feeinccs ob 15-AE1A..15-AE1A..15-AE1A..15-AE1A..15-AE1A..15-AE1A..15-AE1A...15-AE1A...15-AE1A...15-AE1A...15-AE1A...15-AE1A 
BO; Q00 ete ntact: 15-AE1A..15-AE1A,.15-AE1A..15-AE1A..15-AE1A..15-AE1A..15-AE1A...15-AE1A...15-AE1A...15-AE1A...15-AE1A...25-AE1B 
15 O00 aarcne = er 15-AE1A..15-AE1A..15-AE1A..15-AE1A..15-AEJA..15-AE1A..15-AE1A..,.15-AEF1A...15-AE1A...15-AE1A...25-AE1B...25-AE1B 
HOO;OO0 UF ties: cere es 15;:AE1A..15-AE1A..15-AE1A..15-AE1A..15-AE1A,.,.15-AE1A..15-AE1A...15-AE1A...15-AE1A...15-AE1A.. .25-AE1B...25-AE1B 
150,000 .. 15-AE1A..15-AE1A..15-AE1A..15-AE1A..15-AE1A..15-AE1A..15-AE1A...15-AE1A...15-AE1A...15-AE1A...25-AE1B...25-AE1B 
250,000 ..15-AE1A..15-AE1A, .15-AE1A..15-AE1A..15-AE1A,..15-AE1A..15-AE1A..,15-AE1A...15-AE1A...15-AE1A...25-AE1B...25-AE1B 
500,000 ..15-AE1A..15-AE1A..15-AE1A..15-AE1A..15-AE1A..15-AE1A..15-AE1A...15-AE1A...15-AE1A...25-AE1B...25-AE1B...50-AL2 
Unlimited.......,.15-AEIA..15-AE1A,.15-AE1A..15-AE1A..15-AE1A..15-AE1A..15-AE1A...15-AE1A...15-AE1A...25-AE1B...25-AE1B...50-AL2 
IV. Total Low-Voltage Short-Circuit Current—RMS Amperes (Impedances As Given in Table V, Total Connected Motor Kilovolt-Amperes Equals 
100 Per Cent of Transformer Rating) 
20 O00 Te ctor 3,210 . 4,640 . .5,100 .. 1,260 ne LO, LOO eel OOO b2600n ee ei 4200 eee O00 meee OeS00 22,900 27,500 
OOOO = Wats eters ats 3,350 . 4,920 . .5,400 . .7,870 met SOO Fi 12 ;400 ante SOO ien ae 6; 500 est 20 900 me eee4ed OO Mme 28,500 : : "35,100 
75,000 . .8,390 OO LO . 5,520 . .8,110 eld S800) © 13; 000M 5.300 mens 17, 500M me 22-500) mee 26.1 00 mae .313300 “2%. “39,200 
OOMOOO ey ehee 3,420 . .5,060 . 5,580 . .8,250 Wel? LOOP S400 lO S00K er .18)100) als! S00 mmo 7-4 OO MNES 35100 Mae 41,800 
150) OOO enone toate 3,450 . 6,120 . .5,640 . .8,380 2; 200 ens O00 Mer GS 00MMee oS, 00a 24: SO0mmEEE D877 00) an “35,100 ae "45,000 
250,000 . .3,460 ..5,170 . .5,680 . .8,490 72,0005) 7-14; 000 5. 16,700 Sx 19) 200) sano 00) mao OO0MNEN '36,900 ee -47,900 
500,000 ole apt ees 3,480 . .5,200 . 5,730 . .8,570 m2, 800.9 452009 7,000) sel 0L600. een eeb OOO ae 7oL, 000" ae "38,400 “50,400 
(Winlimited sae 3,490 . 5,220 . .5,760 . .8,660 . 13,000 . 14,400 .17,300 ...20,000 . .26,700 . .382,300 ; "40,100 _ 53,500 
1. For different voltage base, multiply values in Table IV by the ratio: Standard voltage/New voltage 
2. Transformer contributes approximately 84 per cent of total short-circuit current for 100 per cent connected motors 
Vi Transformer Impedance Per Cent 
4.0 4.0 5.0 5.0 5.0 5.0 5.0 5.5 5.5 5.5 
Re Cael Rie ee 2 : : os) . 
VI. Magnetic Air Circuit Breakers Available oe 
Interrupting 
Rating 
Type (RMS Amperes) Standard Continuous-Current Trip Ratings (Amperes) 
Bp ae Buns B come U5 OOO eaters: 15, 20, 25, 35, 50, 70, 90, 100, 125, 150, 175, 200, 225 
ee Oo ed tai ee cue ADLOU OE cochaaean 15, 20, ‘25, 35, ¢ 2 5 
BOMAT EO ac rt 60:00 cde 15, 20, 257'35,°50,70, 90, 100, 128, 160, 175, 200, 228, 950, 276, 1300, 326, 360, 400, 480, 08 BOO noe 
a Cosy ane eae 75,000: See ete 2,000, 2,500, 3,000 ee EO at a ig en eiocur Oo a2. SO O00 hb eee 
POQSAT Dia casisian TOOOOG nwa nreie 4,000, 5,000, 6,000 
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ELECTRICAL ENGINEERING 


Figure 11. 
B, primary junction box only 


Load-center unit substation with 


The transformer may be liquid-filled 
with the medium of cooling either oil or 
Pyranol. The Pyranol coolant is gener- 
ally preferred for both indoor and out- 

or load-center applications, but oil- 
filled transformers are often used outdoors. 
The Pyranol transformer has been a big 
factor in the development of the load-cen- 
ter distribution idea. Pyranol will not 
burn, and thus the Pyranol load-center 
unit substation can be located indoors 
hear production centers without an ex- 
pensive fireproof vault. 
_ The dry type of transformer, cooled by 
the natural circulation of air through the 
windings, has also been developed for 
load-center unit substations. 

Metal enclosed low-voltage switchgear 
is used in load-center unit substations. 
Usually, a number of branch circuits radi- 
ate from a single load-center unit substa- 
tion. These branch circuits are controlled 
by means of air circuit breakers, mounted 
in compartments in the low-voltage 
switchgear. Air circuit breakers, with 
current interrupting ratings of 15,000, 
25,000, 50,000, 75,000, and 100,000 am- 
peres rms, are available in these equip- 
ments. The breakers may be either manu- 
ally or electrically operated. The ma- 
jority of the applications have required 
the use of manually operated breakers 
only. All circuit breakers operate with a 
time delay on overload currents, but trip 
instantaneously on short circuit. The 
breakers may be of either the stationary 
or the draw-out type. The draw-out 
type has been used extensively because of 
the interchangeability of draw-out break- 
ers, which is an important factor in avoid- 
ing production delays during routine in- 
spection. The breakers are available in 
stacks of one, two, three, and four high, 


depending on the size of the breaker, 
Two or more stacks can be located side by 
side to give the required number of break- 
ers. These equipments are used with 
radial types of systems. For network 
applications, the standard network pro- 
tector replaces two of the air circuit break- 
ers in one of the stacks. 


Load-Center Unit-Substation 
Application Tables 


The interrupting rating of a circuit 
breaker is the maximum current which it 
is able to interrupt adequately and safely. 
It is important to use circuit breakers of 
adequate interrupting rating on load- 
center unit-substation circuits, as well as 
on any other circuits in which circuit 
breakers are used, in order to assure re- 
duced arcing time with minimum damage 
to equipment when faults do occur. Con- 
trary to a former rather widespread be- 
lief that low-voltage circuits will not pro- 
duce short-circuit currents in excess of 
20,000 amperes, tests have shown that 
short-circuit currents of several times this 
value may occur.? These values can be 
predicted by calculation with reasonable 
accuracy. Tentative rules for the calcu- 
lation of these currents have been estab- 
lished by the AIEE.? 

The load-center unit-substation appli- 
cation tables given here are based on the 
occurrence of a three-phase secondary 
fault near the terminals of the unit sub- 
station. The only source of power to the 
secondary, except for secondary motors, 
is assumed to be through the load-center 
unit substation. It is assumed that the 
total connected motor kilovolt-amperes 
will not exceed 50 per cent of the trans- 
former rating on 208/120-volt systems 
and 100 per cent of the transformer kilo- 
volt-ampere rating on 240-, 480-, and 
600-volt systems. See Tables II, III, IV, 
and V. 

The calculations for the short-circuit 
currents are based on the following: 


1. Systems with voltages of 208/120, 240, 
480, and 600 volts, because these are ASA 
standard voltages given in tentative stand- 
ards C-57.1, dated March 1940. 


2. Transformer reactances have been se- 
lected to give the most economical balance 
between transformer reactance and circuit- 
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Figure 12. For main breaker 


A’ : 
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Figure 13, For branch break- 
ers A 


Figure 14. For cascaded 
branch breakers B 
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breaker interrupting rating consistent with 
reasonable voltage regulation. The actual 
values of reactance are indicated in the 
tables. 


3. Calculations are based on proposed 
AIEEE standard rules, that is: the symmet- 
rical three-phase rms short-circuit current 
is increased by a factor of 1.25 to allow for an 
average d-c component. For the motor con- 
tribution, 50 per cent connected motor kilo- 
volt-amperes is assumed to be capable of 
supplying a short-circuit current of 2.5 times 
the normal full load current of the trans- 
former, and 100 per cent connected motor 
kilovolt-amperes is assumed to be capable 
of supplying a short-circuit current of 5.0 
times the normal current of the transformer. 


Standard load-center unit-substation 
breaker arrangements are shown on Fig- 
ures 12,13, and 14. The basis of selection 
of the magnetic air circuit breaker used 
in the tables for these three arrangements 
are as follows: 


Any air circuit breaker directly connected to 
the power source (A’ or A) can be used up to 
100 per cent of its interrupting rating only. 


Any magnetic circuit breaker (B) which is 
backed up by a properly co-ordinated main 
breaker of adequate interfupting rating 
(A’) can be used up to 200 per cent of its 
interrupting rating. 


Breakers arranged as in Figure 14 are 
said to be in ‘‘cascade.”4 The back-up 
breaker (A’) must be properly co-ordi- 
nated with the cascaded breaker (B), so 
that the breaker (A’) will trip instantane- 
ously on short-circuit currents in excess of 
the interrupting rating of the breaker (B). 

The cascade arrangement of air circuit 
breakers shown in Figure 14 often re- 
sults in a lower-cost substation than is ob- 
tained with the arrangement shown in 
Figure 13. However, the cascade arrange- 
ment has the limitation that a heavy short 
circuit on any of the branch breakers may 
open the main air circuit breaker and re- 
sult in an interruption of service to all of 
the branch feeders. Thus, when lower 
cost can be obtained with the cascade ar- 
rangement, careful consideration should 
always be given to the value of continuity 
of service. 
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High-Frequency Coaxial-Line Calculations 


H. H. RACE 


FELLOW AIEE 


Synopsis: Coaxial cables insulated with 
solid dielectric are used for transmitting 
electric energy over wide ranges of fre- 
quency. During the development of such 
cables it was important to be able to predict 
the characteristics of finished cable by cal- 
culations based upon the known dimensions 
and physical properties of the conductors 
and the insulation. Many comparatively 
simple formulas were known to be valid at 
high frequency, but their applicability at 
lower frequencies was questioned. 

' In the first part of this paper we have 
presented: 


1. The general relations which hold under all con- 
ditions of operation. 


2. The conditions under which ‘‘skin-effect’’ 
tables offer a convenient method for obtaining 
values of resistance and inductance, as well as the 
conditions under which relatively simple equations 
for these quantities are sufficiently accurate. 


3. The conditions under which the complete ex- 
pression for attenuation may be considerably simpli- 
fied to the form generally used in high frequency 
practice. 


In the second part of the paper we have 
presented formulas and graphs for the ratio 
of terminal voltages as a function of the 
phase angle of the line for several types of 
load for both dissipationless and dissipative 
lines. These relations are helpful in under- 
standing observed voltage variations with 
frequency caused by reflections, particularly 
on short lengths of line. 

In the third part of the paper a derivation 
is indicated leading to a general equation for 
the efficiency of transmission. Simplifica- 
tions are made which are often applicable 
in practice, and curves are plotted showing 
the effect of mismatch in reducing efficiency. 


A. Transmission-Line Relations 


HE electrical characteristics of a con- 

centric transmission line with dis- 
tributed constants are given by the rela- 
tions 


Propagation coefficient = y= 


atjp=VZY (1) 


Characteristic impedance = Zo = a/ Zz] Y (2) 
where 


a=attenuation per centimeter length of line 

6 =phase shift per centimeter length of line 

Z=R-+jwl =z 20,=impedance per centime- 
ter length 

Y=G+joC=y Z6,=admittance per centi- 
meter length 

R=series resistance per centimeter length 

L=series inductance per centimeter length 


G=parallel conductance per centimeter 
length 

C=parallel capacitance per centimeter 
length 
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ASSOCIATE AIEE 


Separating real and imaginary terms in 
equation 1 we have! 


a= WV zy-cos ¥/2(6,+0,) =A cos (8/2) (3) 
B=V/zy-sin ¥/2(0,+0,) =A sin (0/2) (4) 


or in terms of the distributed properties of 
the line : 


a= (RG—wILC)!+(Golb+RwC)?- 
_ /[GolL+RwC 

cos Ve tan (Stee) (5) 
B= (RG—w*LC)?+(GoL+RwC)?- 
_)(GoL+-RoC 

sin Vf tan (sete) (6) 


Also since it is the magnitude of charac- 
teristic impedance which is of interest in 
cable design we have from equation 2 


Zo? = (2/y) = 


AY (RGU C}t Gul oRaC (Gt atc) 
(7) 


Equations 1 through 7 are general for 
any frequency and for any transmission 
line to which a sinusoidal voltage is ap- 
plied, so long as the proper coefficients 
R, L, G, and C are used. We shall there- 
fore consider next the relations by which 
these four quantities can be calculated. 


1. ADMITTANCE PER CENTIMETER 
LENGTH 


Our past experience? has shown the 
convenience of expressing the admittance 
of a capacitor of any shape as follows: 


V=G6+jaC=0C,(e? je’) 


Figure 1. 

R/Ro as a function of the ratio of thickness to 

depth of penetration t/y for a cylindrical 
outer conductor in a coaxial line 


Ratio of a-c to d-c resistance 
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* ; 
from which we have the following defini- 
tions of unit quantities characterizing the - 
dielectric 
e’= C/C,=dielectric constant (8) 
€” =G/wC,=loss factor (9) 
where C,=capacitance of the same size 
and shape of electrodes in vacuum. For 
coaxial cylinders of radii 7; and_r2 


C,=0.241 X10-!2/logio (r2/171) farads/em 


(10) 
“. C=0.241 X10-1e'/logio (72/11) farads/em 
(11) 
and 
G=1.515X10-"4fe" /logio (72/71) mhos/em 
(12) 


Both coefficients e’ and e” may vary with 
frequency and must be known or assumed 
for the insulating material for the fre- 
quency range being considered. 


2. IMPEDANCE PER CENTIMETER 
LENGTH 


The resistance and the inductance of 
both the inner and outer conductors will 
vary with frequency because of ‘‘skin 
effect.” Therefore there are no simple 
general relations which can be used at 
all frequencies. 

If the inner conductor is a round wire, 
the skin effect at low frequencies can be 
obtained from Table I, which has been 
worked out from complicated exact for- 
mulas.3~* This table gives the ratios R/Ro 
and L/Lo (where Ry and Ly represent the 
resistance and inductance at zero fre- 
quency) as functions of the parameter 


x=2anWV 2uf/p (13) 
For copper u=1, p=1,724 abohmcenti- 
meters and 

x=0.2147,~/f (14) 


The depth of penetration y is defined 
as the thickness of shell to give the same 
d-c resistance and is given by the relation 


y= V p/20V uf (15) 
or - 
y=6.62/ \/. f centimeter (for copper) (16) 


If the outer conductor is a hollow cyl- 
inder of thickness t (where r,.>5t), the 
corresponding values for the ratio R/Ro 
were worked out by J. R. Whinnery and 
are given in Figure 1 as a function of 
t/y where y is the depth of penetration® 
(equation 16). 
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ductors a are | ey together to give the 
total Tesistance: per unit length 


/ 

(ee) + 
ri? 2ire 
inner outer 

ohm per centimeter length 


 R,=0.548X 10-8 


i’ 


(17) 


where (R/Ro) for the inner conductor is 
taken from Table I and (R/R,) for the 
outer conductor is taken from Figure 1. 

If the parameter x is greater than 20, 
a condition which is normally satisfied 
at high frequency, then the depth of pene- 
tration is so small that it is not necessary 
to use Table I. Likewise if ¢/y for the 
outer conductor is greater than 3, then the 
inner and outer resistances vary inversely 
as the radii of the conductors as follows:3 


IS a | 
R=V ma 4%) x10- ohm per centi- 


meter length (18) 


For copper conductors this reduces to 


iy age 
Ras1sx10--V7(-+~) 
T, fe 
ohm per centimeter length (19) 


If the inner conductor is stranded and 
the outer conductor braided, the above 
calculations will be optimistic, since they 
do not take into account contact resist- 
‘ance between strands, which may be very 
important, especially if the copper is dirty 
or becomes corroded or oxidized. After 
considerably more empirical evidence is 
obtained, perhaps multiplying factors 
can be assigned to indicate a proportion- 
ate increase of resistance above the values 
given by equation 17 caused by stranded 
inner conductors and braided or wrapped 
outer conductors. For example, we have 
found by experience that in coaxial cables 
ibuilt with 0.2-centimeter-diameter inner 
conductors the attenuation is about one 
decibel per 100 feet greater at 315 mega- 
cycles with a stranded inner conductor 
than it is with a solid inner conductor. 


2=Zo(I+j1) 
=a 


The expression for inductance’ at zero 
frequency is 


Ly= {40 logio (12/11) +0.5+ 


3r327— 122 
2(r3?— ry") “ 


(20) 


4.6r;4 
Gin logio (73/r2) — 
10~® henry per centimeter 


where r3=outer radius of outer conduc- 
tor in centimeters. The first term gives 
the inductance between the conductors; 
the second and third terms give the in- 
ductance within the inner and outer con- 
ductors respectively. 

To show the relative magnitudes of 
the several terms in equation 20, assume 
the physical dimensions for cable 1 for 
which the complete calculations are shown 
in Table II (next section). Substituting 
in equation 20 we obtain: 


Lo= [2.62+0.5-+ (8.9092 —8.8752) |X 
107° henry per centimeter 


Both terms of the inductance within 
the outer conductor were obtained using 
five-place logarithms, and the numbers 
have been recorded in order to indicate 
that the calculation involves a small dif- 
ference between two nearly equal quanti- 
ties. However, this also demonstrates 
that the inductance within the outer con- 
ductor may be neglected in comparison 
with the other terms of equation 20. 
Since the inductance within the conduc- 
tors decreases as frequency increases, we 
have 


i [4.6 logio (72/71) +0.5(L/Lo) ] x 


10~-* henry per centimeter (21) 


where L/L) for the inner conductor is ob- 
tained from Table I. At high frequencies 
the inductance within the inner conductor 
also becomes negligible so that we may 
use the simple relation 


L=4.6 logio (72/71) X10~* henry per 


centimeter (22) 


Figure 2. Ratio of 
receiving to sending 


voltage F,/E, as a 


function of line angle 


Bl for several values 
of terminating im- 


pedance Zina dissi- 


pationless line 


3. APPROXIMATIONS LEADING TO 
SIMPLIFIED FORMULAS 


In order to show the conditions under 
which the general equations 1-7 can be re- 
duced to the commonly used simplified 
forms, we have shown in Table II the im- 
portant terms involved for two cables at 
two frequencies. 

Table II shows that at 315 megacycles 
items 10, 12, and 13 are negligible com- 
pared to item 11, that is: 


w*LC>>RG (23) 
and 
(w*LC)*>>(GwL+RwC)? (24) 


If equation 5 is simplified assuming the 
above inequalities 


——— t) — Fy 
at LC: co" 5=V tL Csin (2a 
VJ wth C (?) (25) 
2 


where 
6=180°—6 (26) 


and 


R 
tan sax( Sol tRet aw sin 6&8 (27) 


ute 
or 
(Goh RaC\/2V' LC 
or 
oPagtacZ/GV/ L/C+ RV C/L (29) 


contribution to attenuation by 
dielectric loss only 


(28) 


where ag= 


and a,=contribution to attenuation by 
copper loss only 


aq may also be obtained directly from 
equation 5 by assuming R=0, and a, 
may be obtained by assuming G=0 in 
this same equation. Therefore, we have 
shown that under the conditions for which 
equations 23 and 24 are true, the contri- 
butions to attenuation of the copper losses 
and the dielectric losses may be calcu- 
lated separately and considered to be 
additive. 

Substituting in equation 25 the rela- 


Figure 3. Ratio of receiving to sending 

voltage E,/E, as a function of line angle 

sl for several values of terminating imped- 

ance Z» for a line having a total attenuation 
of six decibels 


2, =Z, (I+) I!) 


fe) ae 
O 20 40 60 80 100 120 140 I60 180 200 220 240 260 280 300 320 340 360 
Line angle Bl degrees 
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Figure 4. Efficiency 
of transmission for 
several values of 
total attenuation for 
a range of values of 
mismatch 


al =0.115 X total at- 
tenuation of line in 


decibels 


Zo. Ze ‘ 
1 SM aR Z) = Surge impedance (resistive) 
ee Z, =Load impedance (resistive) 
(Zone Za\e -2a! when Z)=Z, 
cosh Qal+—{ —+ = } sinh Qal no=e * when Zo= 42 
ON ZaeeZo 
Table I. Skin-Effect Resistance and Inductance Ratios for Solid Round Wires 
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tions for R, L, C, and G given in equations 
19, 22, 11, and 12 respectively, we have 


- saffil il 
421.50 10-20 -V/ je(* +4) owe x 
ieee Tie Ts 


(ro/r1) neper per centimeter (30) 
or 
Safi i 
N,&3.98X10-6~/ fe'( — +— }/logio X 
rol ay 
(r2/11) decibel per 100 feet (31) 


and 
egZ1.05X10-fe"/V/ €! neper per centi- 
meter (32) 
or 
Nqg=2.78X 10-*fe"/V/ decibel per 
100 feet (33) 


where 


s 


NeotaiN, (copper loss only) + 
Ng (dielectric loss only) (34) 


If equation 7 is simplified assuming the 
inequalities, equations 23 and 24, we have 


Zv=WL/C=138 logue (t2/r)/We' (35) 


which is the expression usually used for 
characteristic impedance at high fre- 
quency. 

Likewise assuming the inequalities, 
equations 23 and 24, equation 6 reduces 
to 


BEV cw LC&wCZo (36) 


The trigonometric term in equation 5 
is important, because it is zero if the losses 
are zero. Thus an approximate evalua- 
tion at high frequencies for this term (al- 
though it is small) leads to the useful re- 
lation given in equation 25. 

On the other hand, the trigonometric 
term in equation 6 is unimportant, since 
it is unity for zero losses, and losses at 
high frequencies simply decrease this 
term slightly below unity. The recog- 
nized effect of high losses in increasing the 
phase constant must appear, because 
some of the factors in the first term of 
equation 6 are not negligible compared to 
w*LC. However, when the inequalities, 
equations 23 and 24, are true, the losses 
do not appreciably increase the phase 
constant, 

Similarly equation 29 can be expressed 
in terms of Zo 


a=(GZ)/2)+(R/2Zo) (37) 


The frequency above which the sim- 
plified relations, equations 25-37, can be 
used depends upon the error which can be 
tolerated. Table II shows that appreci- 
able errors result if the approximate rela- 
tions are used at 25 kilocycles. How- 
ever these relations should be sufficiently 
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B. Voltage Relations 


_ Ina transmission line of length J, hav- 
ing uniformly distributed constants, the 
complex expression for the ratio of the 
voltage at the sending end E, to the volt- 
age at the receiving end E, is giveri by the 
relation 


z, 
—= cosh W4e sinh y/ 
Es, 


(38) 
which upon expansion becomes 

E vA 

. = (cost al+> sinh a!) cos B+ 


“m Zz 

(sion al+> cosh =) sin 8 (39) 
2 

where Z)=surge impedance of line 


and Z.=impedance across receiving end 
of line 


From this general relation several spe- 
_ cial cases lead to usable simplifications. 

J 

; 


1. DISsSIPATIONLESS CASE 
eee sinh al =0 

cosh al=1, Zo=real 

(a). Assuming pure resistance ter- 
mination, (Z.=real), the absolute value 


of the voltage ratio given by equation 39 
can be reduced to 


Ey 
Ey 


LOMO 


(40) 


(b). Assuming complex termination 
(Z2 = VR? + x») equation 39 becomes 
“ee 
E,| _ 


1 Zo 2 1 Zo - 
cet y Le 1-1 = 2 
2+(2) Jab: ) Joos oF 


(41) 


Z 
* sin 2 Bl 
2 


The last two equations have been used 
to calculate the data given in Figure 2 
which show the ratio of receiving to send- 
ing voltage E,/E, for the dissipationless 
line for several types of load impedance. 


2. DISSIPATIVE LINE 


For a line having high losses, particu- 
larly at low frequency, the surge imped- 
ance (Zo) may have an appreciable reac- 
tive component. But in lines for which 
equations 23 and 24 apply, the reactive 
component of Zp is negligible as indicated 
by equation 35. 
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(a). Assuming pure resistance ter- 
mination (Z,=real) equation 39 reduces 
to 


fils 
a 


1, (2\" 
+2) ] cosh 2al-+- 
3 Z, cos 261 (42) 


(6). Assuming complex termination, 
(Z2= V R2? + xy?) equation 39 becomes 
Ey 
2. 


fc) 2 Se SO ae 
RZ 1 Z\2 
ye sinh veeder(s) 2 cosh 2a/-+ 
\e 


(43) 


Figure 3 shows plots of the last two re- 
lations for a total attenuation of six 
decibels for the same terminating imped- 
ances as were used in Figure 2. 


3. HicH-Loss LINES 


As the total attenuation is increased, 
the variation in the ratio of E:/E, with 
line angle decreases. For a line having an 
attenuation of 20 decibels, al=2.3, and 
there is only about two per cent’error in 
the relation 


cosh al=sinh al =1/ ¢%! (44) 


Under these conditions equation 39 can 
be further simplified. 

(a). Assuming pure resistance ter- 
mination (Z. = real) 


Ey ea! Zo 

—|=—(14+— 45 

Ea 2 ( +2) ( ) 
(b). Assuming complex termination 


(Z2= V Ry?-+x:2) 


2 AW ZP+2RLZot Ze? un 


Fal 22, 


The simplest relation for the ratio E/E» 
is obtained when the line is terminated 
in a load which is exactly equal to its surge 
impedance (Z2= Zp) in which case 


Bi _ 
E,| 


al 


=e (47) 


Equations 38-47 were derived in order 
to interpret voltage data taken during 
measurements of attenuation in commer- 
cial high-frequency solid dielectric coaxial 
cables.’ 


C. Efficiency of Transmission 


The efficiency of transmission is defined 
as the ratio of output to input power; 
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however, the mathematical expression is 
simpler if the reciprocal relations are used. 
The most general case is that for which 
both the characteristic and load imped- 
ances of the line are complex. This case 
has been solved by E. W. Hamlin (un- 
published report, General Electric Com- 
pany). The essential steps and final rela- 
tion are: 


Characteristic impedance = Z) = Ro+jXo 
(48) 

Load impedance = Z, = R,+jX» (49) 

then the input impedance is given by® 


: {2 cosh yl +Zp sinh =] 
1= 8 SS 


Zy cosh yl+Z; sinh yl OH 


and the input current as a function of the 
load current is given by 


I. 
if 3 (Zp cosh yl+Zz sinh 1) (51) 
0 
The input power = |I,|?Xreal 
component of Z; (52) 
and the output power = |T,| 2Re (53) 


Hamlin takes the ratio of these last two 
relations and upon expansion and simpli- 
fication obtains the general equation: 


Wi 
Tan Rael Ret Xe cosh 2al+ 
1/9(|Z2|2+|Zo|?) sinh 2al]+ 
Xo 
RlZol? F [(XoR2—X2Ro) cos 261+ 


1/.(|Z2|2?—|Zo|2) sin 261] (54) 


As a simplification of equation 54, let 
X )=0, that is, assume that the reactive 
component of the characteristic imped- 
ance is negligible, as is usually the case in 
high-frequency transmission. Then equa- 
tion 54 reduces to 


Spe 


x sinh 2al 
Ro Ro 


(SS) 


ae eae 1+1/ 
Wr aon RiRo 


When the reactive component of the 
load impedance is also negligible, the last 
term in the parenthesis drops out. 

The last equation has been used to cal- 
culate the efficiency of transmission for 
several values of total attenuation for a 
range of values of mismatch. (Zo/Z2 or 
Z2/Zo from 1 to 10) as shown in Figure 4. 
An important observation is that for a 
mismatch as large as 2/1, the efficiency is 
90 per cent or more of the efficiency which 
could be obtained with perfect matching 
of characteristic and load impedances. 

The curves of Figure 4 express only the 
increase in power losses in the line caused 
by standing waves on the line resulting 
from reflections at the load end. Unless 
the attenuation of the line is high, the 
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Calorimetric Method for Determining 


Efficiencies of Electric Machines 


VICTOR SIEGFRIED 


MEMBER AIEE 


MONG the methods available for de- 
termining losses and efficiencies of 
electric machines, many have been de- 
veloped to their utmost capabilities. 
Some measure individual losses sepa- 
rately and with good accuracy,!~’? but 
many have inherent drawbacks. There 
still remains the desirability of a satisfac- 
tory over-all test which will rate the per- 
formance of all sizes of machinery under 
actual conditions of loading and yet yield 
highly accurate results. This aim is 
largely met by the calorimetric method 
and is justified by its basic character. 
A simplification of the classical testing 
technique can be introduced in which the 
important measurements are all electrical. 
By this means, accurate measurements of 
heat values are obviated, and the calo- 
rimeter becomes in reality only a compara- 
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tor for a substitution process. Test re- 
sults of calorimetric measurements on 
small induction and d-c motors show ex- 
cellent agreement with other tests on the 
same machines. Analysis of the method 
indicates that it is equally applicable to 
all classes of machines of any size and that 
it can be used more generally for over-all 
loss and efficiency measurements under 
loaded conditions. 


Calorimetric Method 


The classical form of the calorimetric 
method makes use of the basic principle 
that all losses are converted into heat. 
Measurements of thermal values from 
specific heat of the coolant, its volume, 
and temperature rise, have involved un- 
certainties and difficulties which have 
tended to discredit the method. How- 
ever, these can be avoided by a simplifi- 
cation possible with electric machinery, 
in which the volume of the cooling me- 
dium is kept constant, and the tempera- 
ture rise is measured under load and 
again with calibrating power input, thus 
giving a direct indication of the total 
losses within the system. The method is 
applicable to many types of machines, 
motor or generator, d-c or a-c, with only 
slight revisions in detail for each. Since 
total losses may be determined by it, and 
all other losses can be measured sepa- 
rately, stray load loss can be determined 
by this type of test. The American Stand- 


mismatch at the load end will affect the 
input impedance of the line, and in any 
practical case the coupling between the 
line and the generator will have to be ad- 
justed to give the best power transfer. 
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ards Association Standards® and the test — 
codes recognize the use of the calorimetric 
method, although reports of its use are 
rather scarce in the American literature. 
Eu:opean tests reported to the Interna- 
tional Electrotechnical Commission meet- 
ings at Prague in 1934 and Scheveningen 
in 1935 by the late Edouard Roth?" show 
the development of simplifications in the 
calorimetric method. The procedure was 
to enclose the machine under test in a 
trunking or duct, through which a con- 
stant quantity of air was blown. Tem- - 
perature rises from inlet to outlet were 
determined by the resistance of grids in 
the air stream, and losses to produce 
equal rises were introduced by means of 
heaters. Elaborate interpolation of data 
was required, because of difficulty in ad- 
justing to exact equality, 

Further extension of these simplifica- 
tions is made in the tests being reported 
in this paper. Where possible, the cali- 
brating losses are introduced directly into 
the machine under test so as to simulate 
actual losses exactly. A succession of 
points is taken so that a graphical deter- 
mination of equal temperature-rise con- 
ditions may be made between the loaded 
and calibrating runs, thus minimizing 
the work of calibration. The use of dif- 
ferential thermocouples makes possible 
direct readings on a microammeter with- 
out the necessity of delicate potentiome- 
ter readings. 


Equipment and Procedure 


The test work was done on two ma- 
chines, one an induction motor and the 
other a d-c motor of comparable size. 
The equipment consists principally of: 


A double-walled calorimetric box of heat- 
insulating material to enclose the machine 
under test, in this case reversible so as to 
be usable on either end of the set. 


A constant-speed blower to force air through 
the box. 


Thermocouples differentially connected be- 
tween inlet and outlet ports. 


Power-measuring instruments in the leads to 
the test box. 


Heaters inside the box near the test machine. 


Figures 1 and 2 show the arrangement of 
parts. 

The pair of machines is mounted on a 
wooden base with an iron subbase, and 
bolts are staggered so as to prevent any 
direct path of high thermal conductivity 
to the outside. A layer of insulating 
board is fitted around the machine feet, 
and the box is sealed to it. A slot on one 
side makes provision for a close-fitting air 
seal around the shaft, the coupling being 
outside of the enclosure. Dead air spaces 
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’ 
A~Thermocouples 
B—Measuring instruments 
C—Loading generator 
D—Test machine 
E—Heaters 

F—Blower unit 


Figure 1. Arrangement of calorimeter and 


machines 


are filled with rock wool. A terminal 
plate provides electrical connections to 
the inside. Thermocouples are connected 
differentially in series between the blower 
pipe at the inlet and an insulated outlet 
at the diagonally opposite corner. Small 
ports are used to insure thorough mixing 
of the air, thus keeping all parts at a uni- 
form temperature. This was verified by 

test and by observing the air stream 
through a window at the top of the box 
when smoke was injected. 

As indicated in the introductory dis- 
cussion, this method uses the calorimet- 
ric quantities for a comparison of the 
power values which will produce the same 
temperature conditions: 

1. The machine is operated under load, and 
electric power input and thermocouple 
measurements are made. All losses of the 
machine, whether in electrical or mechanical 
form, are dissipated within this box and 
eventually contribute to the heating of the 


air. No measurement of shaft output is 
made unless desired as a check. 


2. The coupling between machines is 
broken, and a set of measurements is made 
with the machine running idle to find the 
power input that is required to duplicate 
previous thermal conditions. 


Finding the loss input which gives ex- 
actly the previous (loaded) temperature 
difference is unnecessarily tedious. For 


satisfactory results and minimum time 
used on a test, the better procedure is to 
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THERMOCOUPLE CURRENT - MICROAMPERES 


KILOWATTS 


Figure 3. Temperature differences under load 
and calibrating conditions 


Value of loss for corresponding input indi- 
cated by equal temperature differences 


take two curves of temperature difference 
(microamperes) for several values of heat- 
ing, the air volume being held constant. 
One curve is taken as a function of total 
input under loaded conditions, and an- 
other is taken as a function of total losses. 
Such a set of curves is shown in Figure 3, 
with both curves plotted to the same scale 
for illustrative purposes. The total losses 
for any input are then determined from 
the curve of calibrating loss at the corre- 
sponding temperature difference. The 
machine output is found by subtraction 
and efficiency is computed in the usual 
manner. 

As may be expected, time must be al- 
lowed for the thermocouple currents to 
become stabilized. Figure 4 shows typi- 
cal curves for one run (air rate different 
from Figure 3). In the case of this ther- 
mal system, about one hour was required 
per reading, although this time could be 
shortened by changing the air rate during 
the transition period, gradually returning 
to the standard value. The air rate must 
be selected so that a total difference be- 
tween inlet and outlet temperatures does 
not exceed about 20 degrees centigrade to 
approximate nominal ambient conditions. 
Since actual thermal values are not re- 


Figure 2. Calorime- 
ter and machines 


A—Thermocouples 

B—Terminals for in- 
put and instruments 
C—Loading genera- 


tor 
D—Test machine 
E—Heaters 


F—Blower unit 


Siegfried, Thulin—Calorimetric Method 


MINUTES 


Figure 4. Typical temperature-difference 
curves for three values of total input to box 
with machine loaded 


Readings taken at end of intervals 


quired, blower speed need be kept con- 
stant only during any one set of measure- 
ments. Air density and humidity should 
remain constant within the same period 
or not change appreciably. Inlet air tem- 
perature may vary slightly without er- 
ror, but care should be taken to keep 
loading and control rheostats reasonably 
distant from the inlet. Because the 
method requires only repeatable condi- 
tions, even slight air leaks are not serious 
so long as they stay constant. Speed of 
the machine under test may vary slightly 
without serious error, due to changing the 
ventilation pattern within the calorimeter. 

Up to this point, the procedure is per- 
fectly general for any type of apparatus. 
The loaded temperature determination is 
likewise general, but consideration must 
now be given to methods of introducing 
the no-load or calibrating power into the 
calorimeter. The test machine is discon- 
nected from the load, and it is allowed to 
run at its nominal speed. Additional 
heat may be introduced by heaters so 
placed that the internal ventilation will 
circulate the heated air. The calibrating 
power is thus the sum of the no-load in- 
put to the machine and the power to the 
heaters. In the case of induction ma- 
chines, the entire power may be introduced 
into the machine by raising the applied 
voltage so that increased running-light 
losses will duplicate those at full load. 
This has the ddvantage of placing all the 
loss within the machine, although current 
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Figure 5. Total losses and efficiency at dif- 
ferent loads derived from Figure 3 


A—Per cent efficiency B—Total losses 
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limitations may require partial use of the 
heaters. Synchronous machines permit 
similar abnormal adjustments by field 
control of reactive currents, but it must 
not be overlooked that field copper loss 
contributes to the total heat within the 
calorimeter. D-c machines are the least 
amenable to this treatment, and heaters 
have to suffice. 


Test on Induction Motor 


An induction motor which had been 
thoroughly calibrated by many tests was 
available for test by the calorimetric 
method. This was fortunate, because the 
induction motor illustrates the good fea- 
tures of this test to the utmost, and illus- 
trates the method well. In the calibra- 
tion of the box, all of the necessary no- 
load losses can be confined to the machine 
itself by raising the applied voltage and 
exciting current until copper and rota- 
tional losses are of the order of total 
loaded losses, provided the stator current 
is not dangerously large. This permits 
the nearest approach to the ideal of hav- 
ing all losses identical in the two tests. 
The squirrel-cage machine used is rated 
10 horsepower, 220/440 volts, 26.6/13.3 
amperes, 60 cycles, 1,710 rpm squirrel- 
cage motor, and was operated at 220 volts. 

Complete data were obtained from 
which separation of losses could be made, 
the calorimetric tests providing only the 
total loss value. Slip, stator resistance, 
and rotation losses were measured in 
addition to line current, voltage, and 
power usually measured in the efficiency 
test. Thermocouple current is the indica- 
tion of temperature difference and is 
plotted in Figure 3 for the steady-state 
deflections given by a certain total input 
in the load run, and by a certain total loss 
input in the unloaded run. Since corre- 
sponding deflection currents indicate 
corresponding power values, the total 
loss for a given input is found by follow- 
ing across the proper ordinate to pick off 
the loss abscissa. The dotted lines indi- 
cate test data for rated load on the ma- 
chine. It may be seen that deflection is 
proportional to loss in the box for con- 
stant blower speed. This is to be ex- 
pected so long as the heat is dissipated in 
the same manner at allloads. As the box 
gets hotter however, other factors appear 
to permit heat to escape by conduction, 
with a resultant flattening of the curve. 
These make an actual calibration for each 
test very essential. An additional test 
using heaters for no-load input was made 
with identical results. 

The final curves of total losses and 
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efficiency derived from the data of Figure 
3 are shown in Figure 5, with output as 
the abscissa. The full-load efficiency of 
this machine is 81.5 per cent as compared 
with 81.7 per cent from other test meth- 
ods using conventional losses plus stray 
load loss measured separately. 

As a demonstration of the accuracy 
possible with the calorimetric method, a 
set of values of stray load loss found by 
this test is plotted in Figure 6. The ex- 
perimental points are obtained by two 
groups of observers. The solid curve is 
the stray load loss as determined by 
other methods,“* several curves not 
widely different being averaged together. 
These results are quite consistent, espe- 
cially when it is appreciated that stray 
load loss here is found as an indirect meas- 
urement by subtracting all other known 
losses from the total determined by the 
calorimetric method. 


Test on D-C Machine 


The calorimetric set used was revers- 
ible; so the box was turned around on the 
base, and measurements were made with 
the d-c machine as the test machine. 
The induction motor acting as a genera- 
tor was loaded by operating it from a sepa- 
rate alternator. In this test, the cali- 
brating losses were supplied by heaters in 
addition to the running-light input. 
The full-load efficiency by this method 
was 83.1 per cent, whereas the efficiency 
by conventional methods plus stray load 
loss!” was 83.4 per cent. 


Conclusions 


The calorimetric method described in 
this paper consists of two fundamental 
steps only: 


1. Determination of a temperature rise of 
the cooling medium under loaded conditions. 


2. Substitution of an equivalent measur- 
able loss which will produce the same tem- 
perature rise under no-load conditions. 


This is a comparison or substitution 
method which determines with high ac- 
curacy the total losses of a machine under 
conditions of actual loading. The 
method permits good comparative data 
to be taken even under poor calorimetric 
conditions, although refinements improve 
the ease of obtaining good results. 

Losses measured by it compare di- 
rectly and favorably with those of other 
methods of high accuracy and show a 
final stray load-loss value very close to 
those from other tests. Although tests of 
only two machines are reported, the 


Siegfried, Thulin—Calorimetric Method 


32 
” 280 2 GROUP A "i 
: © croup 8 tH ‘ 
< BRBKBRADIE 
fox BERSRRALIEL 
rf ae) Fees 
ral 200) 
=] 
2 1G 
(eo) 
man 
= Ie 
<t 
ied 
be 
(oy i} 

40) 

oomeanr PIG Gan een ee 


yer CURRENT -~AMPERES 


Figure 6. Stray load loss of induction machine 
tested 


Solid curve average of tests by other methods.® 
Experimental points determined by calori- 
metric method by two groups of observers 


method has been demonstrated to be 
workable and fundamentally sound. 
Since it depends on a basic principle, the 
accuracy which may be expected will be 
determined by the care and techniques 
employed. Further attention to the 
calorimetric method will doubtless bring 
forth other advances in its use. 
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Synopsis: The paper summarizes some 15 
years’ experience with the high-side fusing 
of 11-, 22-, and some 66-kv transformer 
banks. The original purpose of fusing has 
through this experience been expanded to 
cover functions that are deemed desirable, 
and the authors feel that their approach to 
the specific protection field served by fuses 
has resulted in satisfactory protection at 
minimum cost. 

_ The results of some faults occurring in 
fused and unfused banks are described 
_ briefly, and the various factors taken into 
consideration in selecting the proper fuse to 
"use are discussed. The conclusions drawn 
_ are that fuses, when applicable, are a satis- 
_ factory economical méans of obtaining 
_ reasonable coverage for faults in and beyond 
_ transformer banks. 


HE experience of the Duquesne Light 
Company with what we shall call 
modern high-voltage power fuses began 
in 1926 when Schweitzer and Conrad 
liquid fuses were applied to the high- 
voltage side of several 22-kv banks in 
stations serving customers from a radial 
transmission line. The previous outages 
to this particular line were the determin- 
_ ing factor in these fuse applications as an 
effort to improve service to the remainder 
of the line in cases of station trouble. 


Early Experience 


For the first few years our experience 
with these fuse installations was anything 
but satisfactory. These fuses deterio- 
rated, causing uncalled for operations, and 
many justified blowings resulted in failures 
to clear, flashover of inadequate spacings, 
and flashover of inadequate insulators. 
These fuse operations were carefully 
followed, and such conditions of installa- 
tion as contributed to unsatisfactory 
performance were eliminated. Mount- 
ings were replaced with higher insulation, 
spacing and clearances generally in- 
creased, and 34.5-kv fuses standardized 
upon for our 22-kv service. These 
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changes, together with the manufactur- 
ers’ changes of liquid, cap design, fuse 
element changes, and other advances, 
had made it possible to place considerable 
confidence in high-voltage fuses such that 
by 1937 our experience justified an ex- 
tension of our fusing applications and the 
development of a general policy of fusing 
where applicable. 


Experience up to 1937—Fused 
Versus Unfused Stations 


By 1937 our number of fused banks had 
increased in proportion to our growing 
confidence in high-voltage fuses, and at 
that time we had 32 power applications in ~ 
both customer and company distribution 
stations. An analysis of performance of 
fused and unfused stations for the years 
1930 to 1937, as disclosed by fault rec- 
ords, brings out a striking comparison, 
and the records are tabulated in Table I 
for parallel consideration. 

In the fused group we had had no 
fires, no explosions, no serious damage 
and, in many cases, immediate return to 
service of the faulted equipment, since 
prompt clearing had prevented perma- 
nent faults. Contrasted with this in the 
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unfused group we had had three fires, one 
explosion, and had lost nineteen trans- 
formers such that they were either 
scrapped or completely rewound. 


Origin of High-Voltage 
Fusing Policy 


The original purpose of the high-side 
fusing of transformer banks was to mini- 
mize outages to multicustomer circuits 
where one customer fault would other- 
wise involve a total line outage. 

An analysis of the above performance 
record disclosed that the fuses, in per- 
forming this original function, had pro- 
vided additional benefits by preventing 
fires, explosions, or serious damage. 

Based on this analysis, a policy has 
been established to provide adequate 
protection for all new bank installations 
and, over a period of years, to cover ex- 
isting stations using fuses wherever 
applicable. 


Experience 1937 to the Present 


Our fuse installations now number well 
over 126, cover banks ranging in size 
from 50 kva at 22 kv, up to 10,000 kva at 
66 kv, and involve the use of Schweitzer 
and Conrad types D, C, and SM, and 
Westinghouse type BA. 

From 1937 to the present we have had 
59 faults involving 87 fuse operations all 
functionally correct, and several of these, 


Figure 1. Selection curves of transmission- 
line relays, transformer-bank fuses, and low- 
voltage protection 
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we feel, have avoided possible explosions 
and fires, and in addition, have prevented 
interruptions to other customers served 
from the lines involved. Many of these 
fuse operations have cleared low-voltage 
faults, where customer protection has 
been inadequate or inoperative, and 
where such faults could not have drawn 
sufficient current to operate the high- 
voltage protective relays until after 
winding breakdown. Such fuse opera- 
tions have avoided transformer-winding 
burnout. 

In one station fuses were used on each 
of four 10,000-kva, 66/11-kv transformer 
banks to avoid the installation of a high- 
voltage breaker and relaying, and, in final 
analysis, to give the customer better 
service. On two occasions these fuses 
have performed as intended, once by 
blowing to clear a fault not covered by 
the customer’s low-voltage protection, 
and once by not blowing on a similar 
type of fault which was cleared by such 
protection. In the first instance high- 
voltage breaker protection would have 
-given a complete interruption until 
performance of switching to segregate the 
defective low-voltage equipment, while 
the fuse application caused no interrup- 
tion to three fourths of the service and 
segregated the fault promptly and prop- 
erly. 

The success we have had with our fuse 
installations has not been due alone to the 
improvement in the fuses themselves, nor 
to better installation conditions, but has 
been the result of these factors together 
with a judicious selection of the proper 
fuse for the existing conditions, and to a 
rigid inspection policy, and the practice of 
removing such fuses that give any indica- 
tion of suspicion as to their condition. 


Control of Fuse Applications 
(Design Stage) 


In deciding all protective layouts, our 
design engineers seek the advice and 
recommendations of the protection engi- 
neer, and whether the problem involves 
that of the more complicated types of 
reactance relays, pilot-wire schemes, 
differential protection, or fuses, the pro- 
cedure is the same. In following this 
policy, the simplest fuse installation gets 
the necessary careful consideration it 
requires, and all of the factors entering 
into proper selection get uniform atten- 
tion. 

Our protection policy, based on ex- 
perience, is that all portions of an elec- 
trical system should be covered by protec- 
tion of some sort to clear whatever fault 
may develop. This policy cannot always 
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be met on an economically justified basis 
by relays and breakers. Where this 
condition is encountered, high-voltage 
fuses frequently provide a reasonably 
satisfactory solution. 


Selection of Fuses for 
Transformer-Bank Protection 


In selecting fuses for transformer-bank 
protection, investigation is made of the 
fault current obtained for faults, both on 
the high-voltage and low-voltage side of 
the transformer bank, and consideration 
is given to the protection that is provided 
on the low-voltage side of the transformer 
bank. A fuse is then selected with a 
time-current curve and a current-carrying 
capacity that will provide the desired 
time of operation for low-voltage faults. 

In many cases, transformers that are 
fused supply industrial customers, and a 
variety of types of protection are used by 
the customer on his own breakers. 
Settings of these protective devices are 
determined, and high-voltage bank fuses 
are chosen to select with the low-voltage 
equipment. In some cases where cus- 
tomers’ equipment is involved, it has 
been found that the protective equipment 
has been set unnecessarily high in current 
and time, and these settings have been 


Table I. 


Fused Stations 


1. Two fuses operated to clear a defective trans- 
former caused by water entering the winding 
through a leaky low-voltage bushing. 


2. All fuses operated to clear a defective bank of 
three 667-kva units during flood. 


3. One fuse operated to clear a failure of customer 
static capacitor on 2,300-volt side of bank. 


4. On two different occasions one fuse operated to 
clear a defective nonautomatic breaker bushing 
which had flashed over during storms. 


5. Three fuses operated to clear a high-voltage bus 
flashover. 


6. Two fuses operated on initial cut-in to clear a 
low-voltage potential transformer which had been 
connected reversed with 115-volt winding on the 
customer’s 2,300-volt bus. 


7. On three different occasions fuses operated to 
clear trouble on customer-owned high-voltage 
transformers. 


8. Two fuses operated to clear a 2,300-volt bus 
fault caused by boys having thrown wire across a 
bare low-voltage bus. 


9. One fuse operated to clear an internal flashover 
of high-voltage lead in one transformer. 


10. One fuse operated to clear defective low- 
voltage customer breaker and again three fuses 
operated to clear a flooded three-phase unit, leaving 
line in service. 


11. On four different occasions fuses operated to 
clear internal flashovers in transformers during 
storms. 


12. On three occasions fuses operated to clear 
faults on four-kilovolt circuit fed from bank. 
Low-voltage breaker inoperative. 


13. One fuse operated to promptly clear an acci- 
dental contact with a ground chain being handled 
with rubber gloves. 


Marsh, Dodds—High- Voltage Fusing 


lowered to the mutual advantage of the 
utility and the customer. 

The fuse-current rating in relationship 
to fullload current of the protected 
transformers is not selected as any arbi- 
trary value in relationship to the size of 
the transformer bank, but is selected as 
required with due consideration of the 
time-current characteristics of the differ- 
ent fuses available. 

Since the application of these fuses is 
for the clearing of faults in and beyond 


the transformers, no attempt is made to — 


protect the transformers against over- 
loads. In this connection the current 
rating of fuses on our system varies from 
11/. to 4 times the bank full-load rating. 
The time delay and current-carrying 
capacity of the fuses are inseparable and 
are varied in order to obtain the necessary 
time delay for clearing of low-voltage 
faults. In practice the time delay pro- 
vided for low-side faults varies from a 
minimum of 0.3 second on some lighting 
transformers to a maximum of 1.5 seconds 
on some power banks. 


Time Selection of Fuses With 
High-Voltage Relays 


While fuses are installed primarily to 
obtain clearing of faults in transformer- 


Comparison of Performance of Fused and Unfused Substations 


Unfused Stations 


1. Entire station, consisting of three 2/1 trans- 
formers and housing, destroyed by fire as result of 
transformer failure. Evidence of original failure 
lost. 


2. Three 333-kva transformers destroyed, fortu- 
nately without fire, when a customer low-voltage 
fault held on, the customer’s breaker found in- 
operative. 


3. Three 100-kva units destroyed, necessitating 
complete replacement as result of low-voltage 
winding failure. 


4. Three transformers destroyed as result of low- 
voltage customer-equipment failure. Fault held on 
until breakdown of high-voltage winding, when 22- 
kv protective relays operated. Fortunately no fire. 


5. Failure of one transformer resulted in oil fire 
which destroyed the entire station on customer 
premises. 


6. Transformer failed and exploded at the station, 
resulting in fire which involved three other units 
and loss of all electrical equipment. Several inter- 


mittent grounds had been indicated at the supply 
station. 


7. Low-voltage disconnects pulled under load, 
fault held on until winding breakdown. Three 500- 
kva units complete winding loss. 


8. On two occasions customer low-voltage cables 
caused failure of low-voltage bushings, due to fault 
hanging on and ultimately communicating to the 
high-voltage side of the bank. 
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tained. ube are: 


4 


(a). To ‘prevent or decrease outages to 
other customers. 


(b). To reduce damage to high-voltage 
bushings of transformers due to quick 
clearing. 


In connection with item a, selection is 
ot always obtained between the trans- 
ormer fuses and the protective relays on 


_the transmission system. In many cases, 


however, selection is obtained, particu- 
larly for short-circuit faults, and there 
are many instances where long outages to 
other tap or nonautomatic loop stations 
have been prevented by fuses clearing 
transformer faults before relays operated. 


In some instances, the fuse and trans- 
mission-line relays may operate together, 


_in which case the transmission line can be 


i 


returned to service, as the fuses will have 
cleared the fault. 


On many faults, however, the trans- 
mission-line ground relays do not select 
with fuses during line-to-ground faults, if 
the fault currents are of a low value. 
This nonselection is recognized and 
accepted. 

With regard to item 6, many trans- 
former-bank high-voltage bushing flash- 
overs have been cleared so quickly that 
service could be restored immediately. 


Illustration of Specific Application 


In Figure 1 is shown one example of 
application of fuses to three relatively 
small customers, supplied with tap service 
from a 22-kv loop circuit. In this par- 
ticular case the distance between auto- 
matic stations is only about 1!/, miles and 
is close to a large 66/22-kv substation; 
as a result the current for 22-kv faults is 
relatively high. 

Time-current curves of phase and 
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ground relays at stations A and B and the * 
melting time of fuses at customer C are 
shown. Maximum current of 6,000 am- 
peres at 22 kv for a fault on the high- 
voltage side of transformer at customer C 
is indicated and a current of 600 amperes 
at 22 kv for fault on the low-voltage side 
of the same transformer. 

These curves show that for a fault on 
the low-voltage side of the transformer at 
customer C, the melting time of a certain 
100-ampere fuse is 0.45 second. This is 
adequate time to permit the low-voltage 
bank oil circuit breaker, with instantane- 
ous trip coils, to operate. The curves 
also show that the phase relays at stations 
A and B select with this fuse at all current 
values. It is shown that the ground re- 
lays at the two stations do not select 
with the fuses at all currents. However, 
as the fault current is supplied from both 
ends of this circuit, the fuse obtains more 
current than either of the ground relays 
and may select. Also for any ground 
fault current above 1,000 amperes, the 
fuse will properly select with the ground 
relays. As it is possible to obtain 2,000 
amperes ground current at this location, 
the probability of the ground relays se- 
lecting with the fuses is very good. 

From the above it is seen that in this 
case the fuses not only serve to protect 
the transformer banks, but also to protect 
service to the adjacent customers. 

The above illustration is only one of 
numerous similar conditions on our sys- 
tem. 


Miscellaneous Factors to Be 
Considered in Applying Fuses 


In applying fuses for the protection of 
transformers that supply various types 
of loads, different factors must be con- 
sidered, depending on the type of load. 

For example, fuses on the high-voltage 
side of a furnace transformer should have 
a continuous carrying capacity above the 
value of current that can be obtained for 
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the condition of shorted electrodes in the 
furnace, as this is a condition that may 
exist for a considerable period of time 


during normal operation of the furnace. 


In this case, the fuses do not adequately 
protect the transformer bank in event of 
low-side failures, but do serve to discon- 
nect the equipment from the system in 
event of severe faults in the furnace 
transformer. 

In applying fuses for the protection of a 
transformer bank that supplies distribu- 
tion circuits that are protected with oil 
circuit breakers, care must be taken to 
obtain sufficient time selection between 
the breaker opening and the blowing of 
fuse, so that the fuse will not operate in- 
correctly on normal reclosure of the oil 
circuit breaker on a faulted distribution 
circuit. Our present practice is to allow 
from 0.7 to 1.0 second selection between 
low-voltage reclosing feeder relaying and 
high-side bank fuses and while we have 
experienced no difficulty with this differ- 
ence in selection, we realize it is open to 
question and to reconsideration as experi- 
ence requires. 


Conclusion 


It is not intended to convey the im- 
pression that high-voltage fuses should 
be used for the protection of transformer 
banks in preference to relays and oil cir- 
cuit breakers. Where this equipment is 
available or can be justified, it should be 
used. In many cases, the cost of oil 
circuit breakers cannot be justified, and 
in such cases, fuses, if applicable, can be 
used. 

In general, it is felt that, in the voltage 
range of our experience, the modern high- 
voltage fuse, properly applied and not 
forgotten, is a reliable protective device 
that should be added to the other protec- 
tive schemes, and that it has a definite 
place in meeting requirements at moder- 
ate cost that cannot otherwise be eco- 
nomically justified. 
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A 600-Volt Enclosed Limiter for 
Network Use 


P. O. LANGGUTH 


MEMBER AIEE 


Synopsis: The extension of the conven- 
tional network system to industrial plants 
has established requirements for a higher- 
voltage limiter. 

The network system has been adopted as 
a standard by many utilities for 120—208- 
volt distribution, whereas industrial-plant 
distribution is usually at higher voltages up 
to 600 volts due to the predominance of 
power load. The requirements of a limiter 
for this service are more severe, due to the 
proximity of operating personnel and in- 
creased interrupting duty associated with 
higher voltages and shorter cable runs. 

A new totally enclosed limiter has been 
developed for this application. This limiter 
embodies new principles of operation and 
will interrupt fault currents in excess of 
50,000 amperes at 600 volts without per- 
ceptible noise or visible demonstration. 


ETWORK systems as originally con- 

ceived and installed did not make 
use of limiters, for the systems were based 
on the premise that cable-insulation fail- 
ures encountered on 120-208-volt cir- 
cuits would be self-clearing. Experience 
has proved this premise to be generally 
correct. Obviously, however, there can 
be solid metal-to-metal faults that are not 
self-clearing. Furthermore, faults, al- 
though self-clearing, could persist until 
heating of the cable resulted in permanent 
damage to the cable insulation. Usually, 
such persistent faults would spread to ad- 
jacent cables, materially increasing the 
resultant damage. The large amount of 
power liberated in these extensive faults 
often produced combustible gases in suff- 
cient quantities to cause manhole explo- 
sions.? These factors led to the develop- 
ment of the limiter which consists of a 
fusible section located at the ends of cable 
runs to guarantee the clearing of any fault 
on the cable before its insulation is dam- 
aged or the fault spreads to other cables. 
The correct analysis and solution of this 
problem is due largely to the work of 
C. P. Xenis of the Consolidated Edison 
Company of New York.’ 


Paper 42-99, recommended by the AIEE commit- 
tee on industrial power applications for presenta- 
tion at the AIEE summer convention, Chicago, II1., 
June 22-26, 1942. Manuscript submitted April 8, 
1942; made available for printing April 23, 1942. 


P. O. LanccutH (now in military service) is 
assistant manager, circuit breaker and protective 
devices division, H. L. Rawttns is section engi- 
neer, and J. M. Wa.vact is design engineer, switch- 
gear engineering department, all of Westinghouse 
Electric and Manufacturing Company, East Pitts- 
burgh, Pa. 
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Limiters have been in service on 120- 
208-volt network systems for several 
years and have been found ideal for the 
application. Factors contributing to 
the rapid adoption of limiters on net- 
work systems are as follows: 


1. The limiter requires no maintenance. 
It has no contacts or adjustments and con- 
sists of a simple conductor having swedged 
or bolted connections. It can be connected 
into the cable and forgotten. The rapid 
adoption of the limiter has been due prin- 
cipally to this one factor of simplicity and 
reliability. 


2. It eliminates damage to unfaulted por- 
tions of the cable. Being a thermal device, 
it is ideally suited to the protection of cable 
insulation from heating due to fault cur- 
rents.® 


3. The limiter insures the rapid clearing of 
heavy fault currents, thereby minimizing 
system disturbances and localizing all faults. 


4. In networks having two or more cables 
per phase, proper selectivity between limit- 
ers is automatic. Co-ordination with net- 
work protector fuses can be easily obtained 
by proper planning.®7 


5. A quick reclosing device in place of the 
limiter would be of no particular benefit, for 
considerable maintenance must be _ per- 
formed on the cable after a fault. 


6. The limiter is relatively inexpensive and 
renders a service out of all proportion to its 
cost. It may be used at both ends of all 
cables. Consequently, a fault will disable 
only a short section of cable. 


Previous Limiters 


Until the advent of industrial net- 
works the application of limiters was con- 
fined almost exclusively to 120—208-volt 
networks for city distribution. The re- 
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INDICATED CIRCUIT. 
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Figure 1. Recovery of dielectric strength of 
arc space of short arcs with reference to the 
peak restored voltage of standard systems 
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Assembled and sectional view of 
new limiter 


Figure 2. 


quirements of limiters connected in these 
systems were not too severe. The low 
system voltage combined with short-cir- 
cuit currents which seldom reached 30,000 
amperes represented moderate interrup- 
tion duty. Since the limiters were usu- 
ally placed in underground vaults, there 
were no strict requirements on noise or 
demonstration. In addition, the limiters 
were not the only line of defense, for most 
faults at this low voltage are self-clearing. 

The limiter developed for this service 
consists of a reduced metallic or fusible 
section incorporated in a connector lug 
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Figure 3. Cross section of new limiter 
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or other connecting device. The fusible 
section is surrounded with heat-resistant 
insulation, and the whole assembly is 
placed in a rubber sleeve and securely 
taped to prevent the escape of hot gases 
or flame during interruption. These 
rent and voltage limits, have given suc- 
cessful interruptions without demonstra- 
tion. They have been found admirably 


suited to the service for whi 


*h they were 


designed. 
Requirements for a New Limiter 
The entrance of the network distribu- 


tion the field 
created several new problems. Systems 


system into industrial 


up to 600 volts were encountered, cable 


runs were considerably shorter, and power 
concentrations were greater. All of this 
led to greatly increased short-circuit cur- 
rents which had to be interrupted at 
these higher voltages. Under these con- 
ditions, faults are seldom self-clearing.* 
Referring to Figure 1, it is seen that an 
arc space recovers a dielectric strength 


Figure 5. Interruption of moderate current 
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Figure 4 (left). Comparison of 
new limiter with cartridge fuse 
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of about 250 volts instantly at current 
zero. This is sufficient to cause inter 
ruption of arcs on a 120-208-volt circuit. 
Considerable time is required for the arc 
Space to recover sufficient dielectric 
Strength to cause circuit interruption at 
higher voltages; hence, faults on a 440- 
volt system must be cleared by an inter- 
rupting device. Limiters, therefore, were 
necessary to guarantee the interruption 


of the circuit. 


Strict requirements con- 
cerning noise and demonstration were im- 
posed on the limiters, because they were 
required to operate in close proximity to 
the 
limiters for industrial application could 


factory personnel. Furthermore, 


1ot present any fire hazard whatsoever. 
In accordance with these requirements, 
it was decided that a limiter for this new 


service should have the following charac- 


teristics: 


1. It must be totally enclosed and have 
minimum space requirements. 


2. It must have an interrupting rating of 
50,000 amperes at 600 volts, 60 cycles. 


It must have a low temperature rise to 
permit bunching of limiters in confined 
spaces. 

4. It must have a time-current characteris- 
tic to permit co-ordination with other lim- 
iters, co-ordination with its cable insulation, 
and co-ordination with the network protec- 


tor fuses. 


46,100 RM 
AMPERES 


Figure 7 (right). 
Pressure record dur- 
ing interruption by 
new limiter of fault 
current near rating 


The 
tions preceding the 
melting of the fusible 
section are induced 
but are not present 
after the current is 
interrupted 


pressure Varid- 
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5. It must have suitable terminals to per- 
mit coupling with the proper cable. 


Design of a 600-Volt Limiter 


The design of a totally enclosed limiter 
of the required small size presented the 
dilemma usually associated with engineer- 
ing problems. On one hand the device 
must have five times the interrupting 
ability of a cartridge fuse of comparable 
current rating, and on the other hand, not 
only must it be made smaller, but the 
demonstration attendant to circuit inter- 
ruption must be eliminated. 

The design was accomplished by solv- 
ing two problems: 


1. The metallic vapors and gases from the 
heavy fusible element had to be accommo- 
dated. Tests revealed that a copper sheath 
or cover around the fusible element would 
supply a condensing surface on which the 
fused metal would be deposited, thus elimi- 
nating high internal pressures. 


2. Totally enclosed interrupting means had 
to be provided to insure positive interrup- 
tion of all currents up to the interrupting 
rating. Further development evolved a 
concentric fiber gas generator, which would 
supply the necessary turbulence to cause de- 
ionization of the arc. 


Figures 2 and 3 show the final design 
The conducting element 
is made from copper tubing which is 


of the limiter. 
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flattened and sized to produce the proper 
fusible element and terminal connectors. 
The closure plugs are moulded on the 
conducting element in an extrusion-type 
mould with the retaining ring in place. 
Split fiber washers are used as barriers to 
prevent arc flame from burning the 
moulded material and to produce the gas 
generating structure. This structure is 
held from moving under the stress of in- 
terruption by the retaining ring which 
fits up against embossed shoulders on the 
outside casing. A copper tube forms the 
case of the limiter and in addition fur- 
nishes the condensing surface for the 
metal vapors, The conducting element is 
restrained from sliding by embossing the 
copper tubing, after which the entire as- 
sembly is sealed by swedging in the ends 
of the case. Figure 4 compares the size 
of the limiter with a 600-volt cartridge 
fuse of the same current-carrying ability. 


Tests 


Repeated interruption tests were made 
throughout the entire current range. In 
many tests, the limiter was completely 
surrounded by surgical cotton in accord- 
ance with the procedure established by 
the Underwriters’ Laboratories, Inc. In 
no test was the cotton discolored, thus 
proving the absence of flame or hot gases 
external to the limiter. Figure 5 is an 
oscillogram showing an interruption at a 
moderate current value. In Figure 6 the 
interruption of a current in excess of the 
rating of the limiter is shown. Note the 
shift in power factor of the circuit caused 
by the relatively high are voltage. This 
characteristic of the limiter is an ad- 
vantage in that it aids in the interruption 
of the circuit and protects the system from 
voltage stresses. Internal pressure is re- 
corded on the oscillogram in Figure 7. 
The short duration of the pressure is 
caused by the rapid condensation of the 
metallic vapor by the copper case and by 
the cooling of the generated gas. The 
condensed metal vapor is seen in Figure 
8 as irregularities on the inside surface 
of the blown limiter. Voltage tests were 
made on blown limiters by putting them 
on overvoltage immediately after inter- 
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Figure 8. View of limiter cut 
open after interrupting mod- 
erate current 


Note deposition of copper 
on inside surface of case 


TIME IN SECONDS 


CURRENT IN THOUSANDS OF AMPERES 
Figure 9. Time-current curves for new limiter 


The limiter is designated by the size of cable 
for which it is intended 


ruption. In all cases the limiters with- 
stood voltages above 2,200 volts con- 
tinuously for several days until removed 
from test. 

The sizes of fusible elements were de- 
termined by the co-ordination require- 
ments. Time-current curves for several 
common sizes are shown in Figure 9. A 
study of the curves will reveal that any 
one limiter will be blown without damage 
to the other limiters on the system, if the 
fault current is fed to the limiter which 
interrupts the circuit through at least 
two other limiters in parallel. This is the 
case in a properly designed network sys- 
tem, where there are two or more cables 
per phase, as will be seen by reference to 
Figure 10, a schematic diagram of a 
typical load bus unit. 

Temperature-rise tests were made with 
the limiter connected to the supply by 
eight-foot lengths of the proper size type- 
R cable. The limiter was supported in 
free air and was shielded from air cur- 
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Figure 10. Unit of network system in which 
selectivity between limiters is automatic 


Note that current flows in parallel through all 
other limiters on the bus to the limiter clearing 
the fault 


rents by a canvas screen placed com- 
pletely around the device. Temperature 
rises were found to be less than 30 degrees 
centigrade for all sizes at the maximum 
current ratings of the cable. 


Conclusions 


Past experience has shown the desira- 
bility of a network system and the effect- 
iveness of limiters in providing the proper 
protection. The new 600-volt limiter de- 
scribed in this paper is serving in a num- 
ber of industrial plants at the present 
time, and all experience has been satis- 
factory. In addition, extensive labora- 
tory testing has adequately proved the 
new limiter’s ability to perform its func- 
tions. There has been provided a new 
600-volt limiter, small in size, but capa- 
ble of interrupting large currents with- 
out perceptible noise or visible demon- 
stration. 
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~ Modern Impulse Generators for Testing 
Lightning Arrresters 


THEODORE BROWNLEE 
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ATURAL lightning is very destruc- 

tive and so elusive that it cannot 
readily be used for testing. However, the 
behavior of materials or equipment which 
are subject to lightning may be studied 
with artificial lightning from the impulse 
generator. In impulse testing of insula- 
tion strength, it is necessary to control 
only the wave shape and magnitude of the 
impulse voltage. There are numerous 
papers! ® describing methods of pro- 
ducing and measuring impulse voltages, 
and other papers!?** show how to 
calculate the circuit constants required 
to produce such waves. 

The complete testing of lightning 
arresters requires, in addition to means for 
obtaining voltage waves, facilities for the 
accurate control of both magnitude and 
wave shape of discharge current. A 
variety of these impulse current waves 
are needed to simulate service conditions 
reasonably. The newly revised AIEE 
Lightning Arrester Standards No. 28 
include tests with 10x20-microsecond 
waves of 5,000, 10,000, and 20,000 am- 
peres; 5xl0-microsecond waves of 
65,000 and 100,000 amperes; and 10,000, 


Typical impulse-current waves 


Figure 1a. 


The time to crest for all three waves is desig- 
nated by tm, but tz, as shown, represents the time 
to half value for wave | only 
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15,000, and 20,000 ampere tests with a 
nominal wave steepness of 5,000 amperes 
per microsecond. Since the internal im- 
pedance of the arrester is a factor affect- 
ing the impulse current, the complete 
testing of various types and ratings of 
arresters requires impulse generators with 
considerable flexibility and facility for 
quick adjustment. This paper describes 
several impulse generators designed pri- 
marily for lightning-arrester testing, and 
which have proved over years of constant 
use to have the desirable features of 
safety, flexibility, reliability, and con- 
venience. 

The circuit constants necessary to pro- 
duce various current waves cannot be 
calculated exactly, because the resistance 
of the arrester valve element is not con- 
stant but a function of the voltage or cur- 
rent. So far as the author is aware, the 
methods for determining such circuit con- 
stants have not been published although 
there have been described impulse gen- 
erators!!1 which are adapted for light- 
ning-arrester testing with different cur- 
rent waves. Through long experience, 
methods of approximate calculation have 
been developed, chiefly by the use of 
curves, which enable circuit constants to 
be selected roughly with a minimum of 
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Figure 16. Typical RLC impulse circuit 
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cut-and-try procedure. These methods 
are general in character and are applicable 
to unidirectional or oscillatory waves, 
including, of course, those specified in the 
AIRE Standards, 


List of Symbols 


The following symbols refer to the im- 
pulse-generator waves or circuit of Figure 
ae 


C=capacitance in microfarads 
£=initial voltage on C in kilovolts 
L=inductance in microhenrys 
R=constant resistance in ohms 
R,=resistance of arrester* 
Ryr=total circuit resistance=R+R,* 
R;=critical resistance below which oscil- 
lations are produced 
In =crest of current wave in kiloamperes 
tm=time in microseconds corresponding 
to Im : 
t,=time in microseconds corresponding to 
0.5I, (on tail) 

A=ratio of crest current for any half 
cycle to that of the preceding half cycle 
in an exponentially damped sine wave 

Em=crest of voltage wave produced by cur- 
rent wave through Rvp 


Typical Waves and Circuits 


Figure la shows three current waves** 
and Figure 1b the customary circuit for 
producing such waves. The wave shapes 
I, IJ, and III are produced by circuits in 
which the total resistance is respectively 


Paper 42-96, recommended by the AIEE committees 
on protective devices, and power transmission and 
distribution for presentation at the AIEE summer 
convention, Chicago, Ill., June 22-26, 1942. Manu- 
script submitted April 13, 1942; made available 
for printing May 19, 1942. 


THEODORE BROWNLEE is research engineer in the 
lightning arrester engineering department of the 
General Electric Company, Pittsfield, Mass. 


*Raand Rf are not constant but functions of volt- 
age (or current) and time. Consequently Ra and 
R7r can only be represented completely as curves of 
instantaneous resistance plotted as a function of 
time. Such curves have a minimum at or a little 
after the maximum current. 


**For time measurements in Figure la and through- 
out this paper, the actual zerois used. AIEE Stand- 
ards No, 28 use the virtual zero which is the inter- 
section on the time axis of a straight line projected 
through the 10 and 90 per cent points on the front 
of the wave. There is little practical difference, 
amounting to the order of only 1 per cent of the 
time to half value on the tail, for the waves here 
considered. 
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less than, equal to, or greater than the 
critical resistance. This total resistance 
Ry is composed of the constant resistance 
R and the nonlinear resistance Ry of the 
arrester. Valve-type arresters are de- 
signed to have a variable resistance Ry 
which is low at high currents but high at 
low currents, and Ry, is the principal 
stumbling block to straightforward calcu- 
lations of impulse circuits. 

While both types of resistance may be 
present in any proportion, it will be 
shown how to compute the circuit con- 
stants when the resistance is predomi- 
nantly linear or predominantly variable; 
from these, rough interpolations can be 
made for various combinations. 

Before specific cases are considered, the 
principles of similarity and proportion- 
ality of circuit constants should be em- 
phasized. Waves having similar shapes 
are those whieh can be represented by a 
single plot if either or both co-ordinate 
scales are multiplied by the necessary 
factors. In an RLC circuit as shown 
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Figure 3. Impulse-current waves calculated 
by curves of Figure 2 
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Figure 2. Effect of 
resistance on waves 
in RLC circuit 
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in Figure 1b the wave shape depends 
only upon R,/W4L/C. If Ry is negligi- 
ble, Rp is a constant and the above ex- 
pression is a simple ratio of definite con- 
stants. However, if R,is not negligible, 
Ry is really a function of time, as ex- 
plained in the list of symbols. In this 
condition the expression is of little use; 
but with different waves of similar shape, 
the curves of R, versus time also are 
similar, and any two _ corresponding 
values of Rp, such as those at maximum 
current, can be used for comparison pur- 
poses. 

For current waves of similar shape, the 
circuit constants and wave specifications 


Figure 4. Current 

and voltage oscillo- 

grams on lightning- 

arrester element in 

RLC circuit of Figure 
1b 


are so related that the following ratios 
are constant. 
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It is possible to determine experi- 
mentally circuit constants to produce 
various wave shapes and by use of the 
above principles to calculate directly 
the constants required for other waves, 
similar in shape, but of different magni- 
tudes or durations. Since the resistance — 
may be a function of the current or volt- 
age, the wave shape depends upon the 
voltage of the impulse generator as well as 
upon its other constants. 


Calculations When Arrester 
Resistance Is Low in Comparison 
With Total Circuit Resistance 


For the cases where the arrester resist- 
ance can be neglected (or lumped with 
the circuit resistance) the current for any 
particular circuit can be found easily 
from the well-known equations: 


I=(E/wL)e~ sin wt where R< Ri (1) 
Eitemen 
= where R=R, (2) 
1D. 
E Gz mt G& nt 
== where R>R; (3) 
tb n—™m 


CaAl“ll, E=4'5.4). 
R=0.142. The same 
arrester element Was 
used for all six waves 
with the wave shape 
determined only by 
E which is listed in 
upper right-hand 
corner of each oscil- 
logram 
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Equation 1 defines an oscillatory wave 
such as wave I in Figure la, while equa- 
tions 2 and 3 are for the nonoscillatory 
waves II and III, respectively. 

Equations 1, 2, and 3 are transcendental 
and it is not possible to calculate directly 
the equation for a specified impulse such 
as a 5,000-ampere 10x20-microsecond 
wave. It is best to assume various cir- 
cuit constants and plot curves which then 
can be used directly. It is found that for 
the RLC circuits the shape of the current 
wave depends only upon the ratio R/R; 
and this ratio is the most convenient 
parameter for abscissa of the curves. 
Figure 2 shows a set of such curves with 
ratios of R/R, from 0.01 to 100. The 
left-hand side of Figure 2 represents oscil- 
latory conditions and the right-hand side 
nonoscillatory conditions. For a 5x10- 
or 10x20-microsecond wave, t:/tm=2, 
and it is found that such a relation holds 
only for oscillatory waves for which 
R/Ri=0.48 and A=0.22. For the 
critically damped waves R/R;=1 and 
to/tm= 2.68. 

An infinite number of circuits and volt- 
ages will produce any possible wave, and 
at the start one constant must be arbi- 
trarily fixed. Usually the first selected 
constant is either the impulse-generator 
capacitance or voltage, but in some cir- 
cumstances the limiting value might be 
inductance or resistance. Figure 3 shows 
two waves for which the impulse-genera- 
tor capacitance was fixed and the re- 
maining constants determined by use of 
the curves in Figure 2. It is seen that 
the two waves are not greatly different, 
but considerably more charge was re- 
quired for the critically damped wave. 
For any nonoscillatory wave, the area 
under the ampere-time wave in ampere- 
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Figure 5. Curves of 

Em and Im taken 

from oscillograms of 
Figure 4 


Curves of E/E, and 
Imt./CE are com- 
puted from these re- 
sults, but are ap- 
plicable for any 
other combinations 
of circuit constants 
Which can produce 
similar Wave shapes 


seconds is equal to the charge CE (C in 
farads and E in volts) but for oscillatory 
waves an integration for the first half 
cycle shows the ampere-seconds to be 
CE(1+ A), and providing the resistance 
can be kept low enough, it is possible to 
get in the first half cycle nearly twice the 
ampere-seconds originally stored in the 
capacitance. This means, however, that 
the wave will oscillate for many half 
cycles, which frequently is not a desirable 
condition. 


Empirical Calculations to Include 
Nonlinear Resistance of Arrester 


Valve-type lightning arresters are de- 
signed to have low resistance at high cur- 
rents and high resistance at low currents, 
and rigorous calculations of circuits con- 
taining such resistances are not possible. 
Figure 4 shows the types of waves which 
can be obtained in the circuit shown in 
Figure 1b where the variations in waves 
are caused only by variations in the charg- 
ing voltage. Considering only the first 
half cycle, the current waves are remark- 
ably similar in shape and are all approxi- 
mately 12.5x22-microsecond waves. This 
ratio of fy/t, of about 1.75 is typical of 
impulse-generator circuits in which the 
arrester-valve element comprises most of 
the resistance, and so the specified ratio of 


Figure 6. Voltage 
and current oscillo- 
grams for nominal 
100,000 - ampere 
5 x 10-microsecond 
current wave through 
a valve-type light- 
ning arrester 
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two for 5x10- or 10x20-microsecond waves 
can be fulfilled approximately without 
difficulty, If a closer agreement is de- 
sired, it can be obtained by using some 
additional constant resistance. 

In addition it should be observed that 
the first quarter cycle is practically a sine 
wave and the time to crest of 12.5 micro- 
seconds is a close approximation of the 
calculated time to crest for no resistance 
where: 


ona =0.5r/LC (4) 


which gives 0.57+/4.41 X 15.4 = 13 micro- 
seconds. In Figure 5 are plotted the 
crest measurements of current and volt- 
age from Figure 4, and in addition the 
ratios H/Em and Imto/CE. 

The curves for J, and E,, apply only 
for the circuit constants listed for Figure 
4, but the ratios E/E, and Imt,/CE are 
universal in application for circuits 
wherein the resistance is chiefly arrester 
valve element. The absolute magnitudes 
and durations are immaterial for these 
ratios which depend only upon the wave 
shapes. The points for the ratios are 
identified with letters A-F corresponding 
to the oscillograms A-F in Figure 4. 
Hence, in any circuit if the wave shape of 
Figure 4E is desired, E/E,, must be 1.97. 
and Ito/CE must be 1.31. In the calcu- 
lation of such a circuit, it is necessary to 
know or assume the maximum voltage 
across the arrester and resistance expected 
at the desired current. The following ex- 
ample shows the general method of attack. 


Example 


A 75-ky impulse generator is available 
with a maximum capacitance of seven 
microfarads and a minimum inductance 
of two microhenrys. Determine if this 
equipment is capable of producing a 
100,000-ampere 5x10-microsecond  dis- 
charge through an arrester having ap- 
proximately 18-kv crest on this wave. 
Here Imto/CE=1.9. 

The curve of Imt,/CE in Figure 5 goes 
only to 1.8 so the desired wave, if at all 
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Figure 7. 
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Figure 8. 


Circuit diagram of impulse gener- 
ator number 1 


Hand-operated switches H,;-H; throw capaci- 
tor units or banks on the busses ABCD or dis- 
connect and short-circuit the terminals to the 
cases, EF. Solenoid-operated switch S has 
three positions: “‘left’’ for positive generator 
charge; ‘‘right’’ for negative generator charge; 
“middle automatically grounds all live ca- 
pacitor points except during charging periods 
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Adjustable-capacitance impulse generator number 1 


possible, will be more oscillatory than 
that shown in Figure 4A. Since some 
tolerance is allowed, a 4.7x9.4-microsec- 
ond wave is acceptable, which gives 
Imt2/CE=1.8. Hence there is sufficient 
charge available to produce a 4.7x9.4- 
microsecond wave similar in shape to 
Figure 4A. 

Using equation 4, tn =0.5T WV LC=5.9 
microseconds, which is close enough for 
practical purposes. 

For Imt,/CE=1.8, the corresponding 
value of E/E, is 3.38. This means that 
sufficient additional resistance should be 
added) to) the ‘circuit eso” that 2. — 
10/808 = 22 Kve 

Figure 6 shows waves actually pro- 
duced under the conditions specified in 
the above example. However, no re- 
sistance was added, so that for the waves 
of Figure 6 the current is higher and the 
oscillations greater than in the example. 

The foregoing example shows that it is 
not always possible to fulfill the exact re- 
quirements determined by calculation, 
and in order to test various types and rat- 
ings of arresters over a range of currents 
and wave shapes, the impulse-generator 
constants and charging voltage must be 
adjustable over a wide range. 

When several ratings of arresters are to 
be tested with the same wave, the circuit 
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Figure 9. Marx-circuit impulse generator number 2 


adjustments are minimized by setting up 
to test the highest rating first, and when 
other ratings of lower internal resistance 
are substituted, sufficient resistance is 
added to keep the total resistance constant. 

Often it is found impossible, with exist- 
ing equipment, to get aperiodic waves 
coming rapidly to zero as in Figure 4E. 
If the maximum charging voltage E is too 
low for a particular arrester rating, the 
waves will look like Figure 4F. If there 
is current to spare, the voltage wave can 
be brought down to zero by the use of a 
constant resistor in parallel with the 
arrester or generator capacitance. If the 
product CE is too small to produce the re- 
quired wave like Figure 4E, the current 
can be increased in low ratings of ar- 
resters by letting it oscillate somewhat as 
was done in Figure 6 or Figure 4 (A-D). 


Calculation for a Wave of Specified 
Crest and Nominal Steepness 


For a wave specified by steepness in- 
stead of duration, it is only necessary to 
redesignate it in the usual way and calcu- 
late the circuit constants as previously 
shown. For circuits where R is low com- 
pared to Rp, the first quarter cycle is 
almost a sine wave. The nominal steep- 
ness, or the slope of the line through the 
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ritically damped waves in circuits 
| a is low compared to R,, similar 
mate equations are 


i nal steepness =1.4In/tm (7) 
nal steepness =3.7/. m/te (8) 


for intermediate wave shapes an approxi- 


(9) 
_ and the equation in terms of # can be 


_ found using the ratios of f2/t, in Figure 2. 


Hence, using the equations 5 to 9 any 
wave based on crest and nominal steep- 
ness can be redesignated by crest and 

_ duration and calculations made as before. 


Control of Impulse-Current Wave 
Shapes in General Testing 


The calculating methods here pre- 
sented are also applicable where nonlinear 
resistances, such as Thyrite, are used to 
control impulse-current wave shapes.!2!8 
The use of such resistors permits higher 
crest currents without oscillation, and 
shorter wave tails, than can be obtained 
by use of constant resistance. 


Description of Impulse Generators 


It is evident from the foregoing ma- 
terial that lightning arrester impulse 
testing requires an extended range of cir- 
cuit constants and unless the various 
circuits can be conveniently and quickly 
set up, much valuable time will be lost. 
In addition to the very high voltage and 
very high current impulse generators 
necessary for special tests on lightning 
arresters, there have been built during the 
last few years four generators at the con- 
tinuous disposal of the lightning arrester 
department in Pittsfield. 


GENERATOR NUMBER 1 FOR GENERAL 
TESTING | 


Generator number 1 is shown in Figure 
7 with part of the steel panels removed. 
The capacitors are all Pyranol-filled 75- 
kv units especially designed to have low 
inductance and to withstand repeated 
short-circuit currents. All units have 
mid-points tied to the cases. There are 28 
capacitors rated 0.24 microfarad and 4 
trimmers for fine adjustments rated 0.06 
microfarad. The charge and discharge 
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circuits are connected to two pairs of 


‘copper-tubing busses which may be 


operated in series for 150 kv or in parallel 
for 75 kv. The capacitors are mounted 
on two three-deck steel frameworks insu- 
lated from ground and each other. At 
150 kv connection, the cases of capacitors 
in the front framework are at 112.5 kv 
and those in the back framework are at 
37.5 kv. The handwheels shown in 
Figure 7 throw two or more capacitors on 
the lower busses or short circuit them to 
their respective frameworks. The capaci- 
tors in the two upper decks are perma- 
nently bussed in parallel but they can be 
connected either to the lower busses or 
short-circuited to the framework. The 
charging equipment is located on top of 
the steel housing, and the large cylinder 
contains a combination polarity reversing 
switch and ground switch which grounds 
all busses and frameworks except during 
the charging period. 

Figure 8 shows the elementary circuit 
diagram for the 150-kv connection. For 
clarity none of the hand-operated switches 
H,—Hy are shown completely closed, but 
HH, and H», when thrown to the indicated 
position, connect the two upper decks to 
the busses ABCD while the capacitors in 
the lower deck are all removed from the 
busses and short-circuited by the switches 
H;-H;. By means of the switches any 
capacitance from 0.04 to 1.75 microfarads 
in steps of 0.04 microfarad can be in- 
stantly selected for 150-kv operation. 
For 75-kv operation switches (not shown 
in Figure 8) connect bus D to bus A and 
mid-point E to mid-point F. Also G is 
moved from D to BC and J from BC to 
EF. With these connections the capaci- 
tance can be varied from 0.16 to 7 micro- 
farads in steps of 0.16 microfarad. For 
very long waves, all the capacitor bush- 
ings can be bussed together, using the 
cases for the return circuit, and then 28 
microfarads can be obtained for charg- 
ing voltages up to 37.5 ky. 

Tests at moderate currents are made in 
the oscillograph room at the rear of the 
generator. High-current tests require 
short leads and are made inside the steel 
housing. Some of the tapped resistance 
and inductance control elements are 
shown hanging on the wall inside the door. 
The minimum discharge inductance is 
about two microhenrys and tests up to 
100 kiloamperes can be made on low-volt- 
age arresters. The oscillograms of Fig- 
ure 6 were obtained using this generator. 

The advantages of this impulse gen- 
erator are: 


1. Safety. No power can be applied until 
all safety gates are closed and all capacitance 
parts are grounded after every discharge. 
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2. Convenience. Capacitance and voltage 
are variable over wide ranges with little ef- 
fort. The polarity can be changed by the 
flip of a switch. The three-electrode gap 
spacing is controlled by a wooden shaft 
extending into the oscillograph room, and 
the charging-voltage control is located on 
the oscillograph table. 


3. Reliability. Several years of service 
without trouble have demonstrated its re- 
liability, 

4. Compactness. A minimum of floor space 
is used, the dimensions being 61/2 by 12 feet. 


5. Totally Enclosed. The steel housing 
eliminates stray electrostatic fields, and the 
exterior is neat even when destructive tests 
are being made inside. It also reduces the 
noise when high-current tests are being 
made. 


GENERATOR NUMBER 2 FOR GENERAL 
AND HIGH-VOLTAGE TESTING 


Impulse generator number 2 has a 600- 
kv six-stage Marx circuit as shown in 
Figure 9. The Pyranol-filled capacitors 
are rated 2.2 microfarads at 25 kv and 
have but one bushing with the case serv- 
ing as the other terminal. Each stage 
consists of two groups of four capacitors 
in series. The primary groups are shown 
on the left in Figure 9 and the secondary 
groups at the right can be connected in 
parallel or short-circuited and left with 
cases floating. The charging resistors and 
interstage sphere gaps are mounted on the 
vertical wooden box at the extreme left. 
By means of switches the generator can 
be connected conveniently to operate at 
reduced voltage and high capacitance, 
and, if desired, part of the capacitance 
can be omitted. The following combina- 
tions can be obtained with either polarity 
and any voltage up to the maximum 
listed: 


Maximum Ky Microfarads Available 


7 ee 1.1 to 26 in steps of 1.1 
100.........0.55 to 6.60 in steps of 0.55 


DOO. cir. ce Lae ere OLD Dines) Os Soir wleerae ec! 
BOO Mi. see ee Oa Oe Cae OLS: 

BOGE Fr. ee 0.14... .0.28 

SOO Seo Dell FOZ: 


BOO eens uit: 


.0.09...0.18 


The advantages of this generator over 
number 1 are its higher voltage and 
greater energy. Tests can be made on 
arresters up to 75-kv rating at 5,000 am- 
peres, 10x20-microsecond waves, and at 
appreciably greater currents on lower rat- 
ings. Its minimum inductance is higher 
than for generator number 1 since the 
Marx circuit necessitates longer connec- 
tions. Because the minimum inductance 
at 100 kv is about 3.5 microhenrys, 
generator number 2 will not produce as 
high currents as generator number 1 even 
though it contains nearly twice the energy. 
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Figure 10. Adjustable-capacitance impulse 
generator number 3 used for operating-duty 
power tests 


However, for a wide range of voltage and 
moderate currents of 50 kiloamperes or 
less, it supplements the other generator. 
The oscillograms in Figure 4 and all those 
in a contemporary paper! describing a 
new oscillograph were produced using 
this generator. 


GENERATORS NUMBERS 3 AND 4 USED FOR 
OPERATING-Duty TESTS 


For convenience, two additional im- 
pulse generators are used for operating- 
duty power tests. Generator number 3, 
shown in Figure 10, consists of two rows 
of capacitors which can be connected in 
parallel or series for 50- or 100-kv opera- 
tion. The usual connection is 100 kv, 
and by means of the handwheel-operated 
switches, the capacitance can be adjusted 
from 0.125 to 1.9 microfarads in steps of 
0.125 microfarad. Units not in use are 
short-circuited by the switches, but the 
cases remain at the midtap potential of 
those in use. All live parts are auto- 
matically. grounded except when the 
generator is on charge. The voltage and 
gap settings are easily adjustable, and 
the polarity can be reversed if desired. 

Generator number 4 is similar in con- 
struction and rating to number 3. Either 
one is capable of sending a 10,000-am- 
pere 10x20-microsecond wave through a 
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12.5-kv arrester. Number 3 is used for 
routine tests with a power supply of 500 
kva at 3, 6, 12, or 24 kv at 60 cycles, 
while number 4 is used with a supply of 
2,500 kva at 7.5 or 15 kv. 

In addition to the four impulse gen- 
erators described, there are available in 
the high-voltage engineering laboratory 
impulse generators rated up to 5,000 kv 
and a high-current generator!! which 
can be connected for a maximum 6.2 
microfarads at 150 kv, 14 microfarads at 
100 kv, or 56 microfarads at 50 kv. This 
high-current generator has very low in- 
ductance and can produce currents up to 
250 kiloamperes. It can be used for 
regular impulse tests or for operating- 
duty power tests with either of the power 
sources used with generators number 3 
or 4. * 


Summary 


1. Thorough testing of lightning arresters 
requires a wide variety of impulse-current 
waves. 


2. The strictly mathematical calculation 
of circuit constants to produce such waves 
is limited to the few cases where the circuit 
resistance is constant. 


3. Valve-type lightning arresters have a 
resistance that is intentionally a function of 
voltage or current and the determination of 
the constants of circuits containing valve 
elements must be done experimentally. 


4. Impulse-current waves of the same 
shape but various durations and magnitudes 


have circuit constants where Rr/V4L/C is 
fixed. 
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5. Once the circuit constants are deter- 
mined for a particular wave, the constants 
for similar waves of other magnitudes and 
durations are easily calculated. 


6. The curves of Figure 5 facilitate such 
calculations for the wide range of wave 
shapes shown in Figure 4. 


7. The testing of various types and rat- 
ings of arresters with a number of different 
waves, requires extremely flexible impulse- 
generator circuits. 


8. Ordinarily the impulse-generator capaci- 
tance is the most difficult circuit constant 
to adjust, but four special impulse generators 
are described having capacitance values 
easily adjustable over a wide range. Several 
years of experience with these generators, 
and the previously mentioned calculating 
methods, show that constants for any de- 
sired wave, within the capabilities of the 
equipment, can be computed and set up 
easily and quickly. 
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_ Analytical Treatment for Establishing 


Load-Cycle Ratings of Ignitrons 


D. E. MARSHALL 


MEMBER AIEE 


7 lee ignitron offers tinique possibilities 
as a control element for high instan- 
_ taneous alternating demand currents. 
The demand current is limited only by 
_ the capacity of the ionized vapor to con- 
duct the current from the mercury pool 
to the anode and by probability of arc 
back, which increases as the peak current 
conducted by the tube increases. The 
design of ignitron tubes is a compromise 
between these two factors. Design for 
low are-back rate usually results in anode 
baffles and shields which tend to increase 
the deionizing properties of the tube and 
thus decrease the peak current-carrying 
capacity. 

The above consideration and not failure 
of the cathode to emit electrons limits the 
peak current that can be controlled by an 
ignitron. For various classes of control 
service, such as resistance welder control, 
the are-back problem is minimized by the 
characteristics of the circuit, and the tubes 
are designed without baffles or other con- 
strictions. Therefore, the peak to aver- 
age current ratios can assume higher 
values than are customary in gas- or va- 
por-filled tubes in other classes of service. 

Experience has indicated that the 
average current ratings within the above 
peak current limitation are limited mainly 
by thermal considerations. These limita- 
tions are relatively easy to determine 
under conditions of continuous operation. 
One operates the tube for a reasonable 
period of time with the circuit constants 
and the firing phase chosen so as to place 
the maximum arc-back stress on the tube 
at regularly increasing current steps until 
arc back or loss of control occurs and then 
backs off for a reasonable factor of safety 
_ to establish a point on the rating curve at 
100 per cent duty. 

By measuring the loss in the tube at 
this current the energy which can safely 
be dissipated by the tube can be deter- 
mined for continuous duty. 
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However, tubes in general and welding 
tubes in particular are seldom operated 
at continuous duty. A large number of 
combinations of duty cycle and demand 


currents is possible for a given size igni- 


tron and is used in commercial practice. 
It is, therefore, necessary to invent meth- 
ods of determining rationally the rating 
of these tubes and presenting the data in 
a form which is capable of furnishing a 
definite figure for the permissible demand 
current at any conceivable combination 
of current and duty. : 

Obviously, the tube cannot be eco- 
nomically tested for all the various pos- 
sible combinations. The present paper 
describes a method which can be used to 
interpolate or extrapolate to obtain rat- 
ings for any combination of intermittent 
duty. This method consists in operating 
the tube at a simple on- and off-duty 
cycle at a high current value and deter- 
mining an intermittent rating point in 
addition to the continuous rating point 
determined as described above. 

Curves of are drop as a function of de- 
mand current are also determined. It 
will in general be found that the average 
loss in the tube for equal excellence of op- 
eration at high currents will be less than 
that at continuous duty. It is assumed 
that this difference in heat-dissipation 
quality is due to the intermittent pro- 
duction of heat in the tube and is a func- 
tion of an equivalent ‘‘thermal time con- 
stant” similar to the equivalent electrical 
quantity. The accuracy of the method 
can be checked in practice by repeating 
the determination of the thermal con- 
stants using several different duty cycles. 
The authors realize that the variation of 
the temperature of the simple model 
treated in the following discussion does not 
completely describe the thermal cycle of an 
ignitron but believe that by its use a close 
enough approximation can be achieved 
for the degree of accuracy required. 


function of time, with 
rectangular-wave- 
form energy input 
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Similar methods are now in use em- 
ploying the familiar concept of maximum 
averaging time and are satisfactory 
enough for most purposes but give re- 
sults that seem artificial under certain 
conditions. It is hoped that the present 
paper will be regarded as a theoretical 
approach to a rating method based on 
more nearly correct physical principles. 


Thermal Action of Equivalent 
Model 


In approaching the problems of es- 
tablishing ratings for ignitrons on inter- 
mittent duty, equations are developed for 
a model system. This system is one in 
which heat is lost by conduction, and the 
heat loss is therefore proportional to the 
first power of the temperature difference 
between the model and the cooling me- 
dium, The model is considered to be a 
small mass of metal in which the tem- 
perature at any time is uniform through- 
out. The mass of metal is surrounded 
by a cooling medium to which heat from 
the metal is lost by conduction. 

The case to be considered is one where 
energy is put into the system in equal 
amounts at regularly spaced intervals. 
During the time that energy is being put 
into the system the temperature rises, 
although some heat is lost by conduction. 
During the off period when no energy is 
being supplied, the temperature falls. 

To develop the general equation for in- 
termittent loading it is necessary to set 
up relations between the temperature 6’ 
and the energy input W and time ¢ for 
both the heating and cooling portions of 
the cycle. The differential equation for 
the temperature, while energy is being 
supplied at the rate W, is 


CMd0’ = Wdt — K(@' —4)dt 


If temperature rise 0’ — 4) is replaced by 
6, and consequently d@’ by d6, the equa- 
tion will express the temperature @ re- 
ferred to the temperature of the cooling 
medium as zero, giving 
CMdo = Wdt—K édt (1) 
where 
6=the temperature of the heated mass re- 


ferred to the cooling medium tempera- 
ture as zero 

W =average watts input during the heating 
period 

C=specific heat of the metal 

M=mass of the metal 

K =thermal conduction constant 


i 


545 


TRANSACTIONS 


Rearranging the terms in equation 1 and 
integrating: 


K 
1 —K6)= Ba 
oge (W )= constan CM 
and since at <=0, 0=6;, the constant= 
log. (W—K®@;), where 6; is the tempera- 
ture at the beginning of the heating pe- 
riod. Solving for 0, the temperature at 


any time during the heating period is 
given by 


ye ae 
v-(0-2 Rte (heating period) (2) 
where 


—  =time constant 


’ 


The time factor k=T,/(T,;+T7;) is the 
ratio of the time during which the load is 
on, to the period or length of the cycle. 
On the initial cycle 0; is equal to 4%, and 6, 
is given by equation 2 where ¢ is set equal 
to T,. For each successive heating pe- 
riod a different value of 6; must be used, 
and this is of course the value of 0 at the 
end of the previous cooling period. After 
a sufficient number of impulses equilib- 
rium will be reached, and then all the 
successive values of 0, will be equal and 
the values of 02 will also be equal. This 
simply means that in each “‘off”’ period the 
system loses just the amount of heat which 
it gained in the previous ‘‘on’’ period. 
The allowed value of the watts W dur- 
ing the on périod is determined by the 


Figure 2 (left). Chart 
illustrating graphical 
method of determin- 
ing rating of model 
as function of duty 
cycle and thermal 
time constant 


Substituting this value of 6; in the second 
term of equation 5 


Tr 
Ww 1—e" as 
0, = TT €Te 
i T v 
1—e % 
and simplifying 
ey 
Ww 1—e 7? 
Se aren (7) 
To 


We may now designate the period of the 
intermittent cycle, (7;+7;), by the 
symbol T as is customary. Then since 
the ratio of conducting time to the pe- 
riod T,/(T,+T; =T,/T=k, equation 7 
becomes 


oe 

Wi ie 
baie eae 2 

eeu? 


Equation 8 gives the value of the maxi- 
mum temperature reached at equilibrium 
in terms of the watts input W, the period 
T, and the.“on”’ time k= bhe 
safe or allowed value of 2 can be obtained 
from the allowed watts, Wo, for continu- 


294-3 
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The temperature during the cooling 
period can be found from equation 1 by 
letting W=0. This gives 


loge ptonstant a 

At t=0 that is, at the end of a heating 
period 0=62 as given by equation 2 when 
t equals T,, the length of the heating pe- 
riod. This makes the constant equal to 
log, #2, and gives 


t 


0 = O2€ (cooling period) (3) 


Equations 2 and 3 are sufficient to de- 
termine the temperature 9 at any time 
during load-cycle operation. 


Regular Intermittent Duty 


Figure 1 shows the temperature @ for a 
series of regularly spaced equal impulses 
supplied as shown by the shaded blocks. 
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Figure 
Curve showing rating 


3 (right). 


MAXIMUM TUBE LOSS— PER CENT 


ine) 
{o) 
(e) 


of model at a given 

thermal time constant 

equal to 23.1 sec- 
onds 


maximum temperature allowed. There- 
fore the value of 6; must be found after 
equilibrium has been reached. For this 
condition @=0,; at t=7;in equation 3 and 
rearranging 


Tis 

T. 
Oo == O\€ (4) 
Also, 62 in equation 4 must equal @ from 


equation 2 when t=T, and therefore 

tea neten (2 ety (5) 
K K 

Solving for 4; 


Tr 


W [ 1—€ 
6 ar tt (6) 
1—e 7e 
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ous loading. In this case k=1 and 
equation 8 gives 


Wo 


02 max = (9) 
If the requirement for safe operation is 
that 62 shall never exceed W)/K, it can be 
replaced by this value in equation 8, giv- 
ing 


wig 


Wea letocen: 
Wea _er Ug) 
ems 


This equation gives the allowed value of 
input watts W, which can be used for a 
time, T,=kT for a repeated loading cycle 
of period T. 

In order to use a graphical construc- 
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Figure 4. Curve showing increase in tube loss 
as “Function of increase in tube-demand cur- 
rent 


- tion from which the value of time con- 
stant can be determined, and rating 
curves can be laid out, it is convenient to 
consider equation 10 in the following 
manner. For two values of 2, but the 
same period T 


T 
Ww, 1—e Te 
Ww. LBP ee 
l-e 7 
and 
-# 
ae —S (12) 
1—e 7 


Waar =e 7 
ae a (13) 
? au 


Wi«<——a9 (14) 
ems 
and 
1 
Wa ——5p (15) 
fe mane 


plotted against 


Figure 2 shows 


kT/T,. This curve will give the value 
of W/W by dividing the value for k,7/T;, 
by that for T/T,. If the value of leas 
known, specific values of T, and T can 
also be derived from this curve. 


Aucust 1942, Vot. 61 


Application to Ignitron Ratings 


As an illustration of the use of this 
method, rating curves will be obtained 
for a small water-cooled metal ignitron, 
Since all of the energy loss is eventually 
transferred to the cooling water, the 
problem will be regarded as one where 
heat is lost by conduction, as in the sys- 
tem covered by the preceding sections. 

The test data were as follows: 


1. Continuous duty 
Tube loss at satisfactory operation = W» 


2. Intermittent duty 
Tube loss at equally satisfactory operation = 
Ww 
T,= 0.5 second 
T=11.1 seconds 


k= 0.0448 
WwW 
3. W, 718.0 


To find T, substitute in equation 10 


we 


Lie NE ol ee 
Wat ak uA 
Q 1 a >) 


This equation can be solved by trial for 
11.1/T,. The solution is 0.480.005 


11.1 


TATED ie +().3 seconds 


or 7,= 

Since ignitrons are rectifiers the cur- 
rent conducted by them on a-c circuits 
is not continuous but consists of a series 
of half sine waves. The foregoing theory 
assumes that this intermittent power in- 
put can be represented by a continuous 
function of the time. The accuracy of 
this assumption can be checked by use 
of equation 4 where 


Using the data of the above example 
and a line frequency of 60 cycles per sec- 


and therefore 
s = 1.0004 
ar as 


This result indicates that in this case the 
variation in temperature due to the rec- 
tified current pulsation in the tube can be 
neglected in comparison with the longer 
period load cycling. 


Graphical Calculation and 
Presentation of Data 


Assume that test data are available to 
establish a rating at a given T and T,, 
and that the ratio of the loss in the tube at 
continuous duty to that at the given duty 
is known, then the above method will 
permit the calculation of a value for the 
thermal time constant, T,. 

The thermal time constant will allow 
a system of interpolation of the results of 
the rating tests to other load cycles in a 
systematic way which is mathematically 
continuous. The present method, 
wherein a ‘‘maximum averaging time” 
is used, has the effect of limiting the max1- 
mum time of impulse to values less than 
the maximum averaging time even for 
demand current loads of only a few per 
cent higher than continuous load rating. 
This new method goes over smoothly to 
the continuous rating. 


Graphical Calculation of T, 


The is plotted 


function 


in Figure 2 on logarithmic co-ordinate 
scales. Our test data give us two values 
of tube loss (W; and Wo) at two values of 
T, equal to kT, and T; respectively, 
where 7; is the impulse period of the 
rating test. It is desired to determine 
the value of 7, which fixes the scale of 
the diagram, Figure 2, for the particular 
tube being rated. 
From equation 11 we can write 


a ea al 1 
, .120 og. OC Oe 7 
Fs _ 20 _ 0.00036 2 ga SL gi ape 
T, 23.1 ‘ecu ee: 
1500 
2 1000 
800 
& 600 
O 
Figure 5. Example 9 400 
family of tube-rating S 300 
curves as function 2 300 
of impulse time, T,, Z 
y é w 
and impulse period, hes 
T, for thermal time my 
constant, T,=23.1 
seconds. Calculated Ol O02 0304 06081 2.34 6810 20 3040 60 80100 
k— PER CENT 


from Figures 3 and 4 
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Figure 6. Example 


family of tube-rating 


curves as function of 


per cent duty and 


impulse period. 
Calculated from 
Figure 4 


O1 O02 0304 06081 me) oA 
: Tr —- SECONDS 


It is seen that the relationship existing 
between W,/W,5 and k; for given values 
of T and T, is in general given by the 
first term of the above equation, since 
when 7 and 7, are fixed, the second term 
is independent of k; and becomes of a con- 
stant value which can be subtracted 
graphically as is done in Figure 2. In 
order to determine 7,, it is necessary to 
determine the amount to be subtracted 
from the ordinate of the curve in Figure 2, 
in order to make the remainder of the 
curve fit the conditions as laid down by 
the test. 

This can be done most easily in the 
following manner. Since the argument of 
the plotted function is RT/T, and since 
the time difference of the test points is 
defined by &, the difference in the ab- 
scissa of the test points on the curve at 
A’ and B’, when found, must be equal to 


kT, 
YT, 


T, 1 
lB — log, = —log, ki lok, 
Therefore, the slope of the chord at A’B’ 
will be 


log, a . 
Wo 
1 

log, e 


A convenient way to lay off this slope is 
to draw it in a corner of the diagram as 
shown at AB. In order to fix T,, it is 
only necessary to find two points on the 
curve separated the same distance and at 
the same slope as the hypotenuse of the 
triangle AOB. This is done for the ex- 
ample case as shown dotted in the dia- 
gram. The lower point at B’ thus found 
on the curve. corresponds to log 7,/T, 
and since T) is fixed by the test conditions 


548 TRANSACTIONS 


6 810 


20 3040 60 80100 


T, can be calculated. This value can be 
checked by substitution in formula 10. 


Graphical Presentation of Rating 
Data 


After 7, is determined, the rating 
curve for any other impulse period T» 
can be laid out. The point correspond- 
ing to k=1 will lie at F, distant log T,/T, 
from the vertical axis of the diagram. 
Lines CF and GF form the axes for a new 
curve whose abscissa is proportional to 
log kT2 and whose ordinates are propor- 
tional to log W2/W, as shown on the dia- 
gram. 

By tracing these curves on Figure 3 the 
curves shown are obtained. This gives 
a family of curves showing the permissible 
ratio of tube heating loss to loss at con- 
tinuous duty at a number of values as a 
function of RT=T,. It will be noted 
that when T=T, the W/W, ratio=1. 
At low values of T the curves are nearly 
straight lines, but at large values they 
become curved and are not spaced as far 
apart as for corresponding lower values of 
T. A value of T is reached (63 in the 
curve) where no further advantage is 
gained by long cooling periods except for 
low values of demand (7=100 in the 
curve). 

The above curve pertains only to actual 
energy loss in the tube. This can be 
translated into current values by plotting 
the corresponding current values as trans- 
formed by curve Figure 4, which gives 
the loss ratio between continuous rating 
and demand current as a function of the 
ratio of the corresponding currents. 

Curve Figure 5 gives the rating ratio 
curves as a function of T, and T for the 


example value of 7,=23.1 seconds. 
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These curves are sharply cut off at the 
peak current value of 1,200 per cent. 

The same information is given in 
curve Figure 6 in another form. Here, 
each of the abscissa is in values of k as 
per cent of the value of T used as pa- 
rameter on the individual rating curves. 
This may be compared more directly 
with the present rating curves where 
the abscissa is plotted in per cent duty. 
T here compares with the present 
“maximum averaging time.” 


Comparison of Thermal Action of 
Model and Ignitron 


In comparing the model with the actual 
ignitron, the following considerations are 
worthy of note: 


1. The temperature variation of the model 
finds no counterpart in any temperature as- 
sumed by any part of the ignitron which is 
susceptible to measurement. The nearest 
thing might conceivably be the equiva- 
lent temperature of the mercury vapor in the 
tube. Since this cannot be measured, the 
equations are set up so as not to make a 
numerical knowledge of any temperature 
necessary. 


2. The criterion is assumed to be that no 
duty cycle shall impose a higher value of 
equivalent temperature on the tube than 
that determined to be safe at continuous 
operation. This assumption requires con- 
siderably more investigation than the 
authors have been able to do. However, 
since the action of ionic devices is very 
rapid, it would seem reasonable that any 
effect on arc back due to the equivalent tem- 
perature could act in such a short time that 
instantaneous values of this temperature 
would be critical. 


Summary 


The above theory suggests a method of 
defining the intermittent rating of an igni- 
tron tube through the use of a so-called 
time constant. This method results in a 
smooth transition from intermittent to 
continuous duty ratings. It is possible 
to adapt the time-constant concept to the 
calculation of permissible ratings for more 
complicated duty cycles than are con- 
sidered in the present paper. 

The authors hope to be able, in the 
future, to check the actual performance of 
tubes against the above theory, espe- 
cially at values approaching the continu- 
ous current rating. 
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Testing Lightning Arresters 
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1 Bea oscillograph was designed to meet 
the specialized needs of a group that 
uses the cathode-ray oscillograph as the 
principal tool in the study of transients in- 
lightning-arrester development. The in- 
strument is desirable for many purposes, 
especially those requiring very high writ- 
ing speeds in connection with nonrepeti- 
tive transients where photographic records 
must be obtained. Other requirements of 
primary importance in the design were 
convenience of operation; accuracy of 
measurement of current, voltage, and 
time; accuracy of the timing; and line- 
arity and rectilinearity of the plate pat- 
tern. 

The cathode-ray oscillograph with the 
film in the vacuum was first described by 
Dufour,! and improvements have been 
described by numerous investigators such 
as Rogowski and his associates,?, Burch 
and Whelpton,* Whipple,‘ Norinder,® to 
mention only a few. 


General Description of the 
Oscillograph 


The essential elements of any cathode- 
ray oscillograph include a cathode and 
anode operated in a vacuum to provide 
the electron beam; deflecting means; and 
a photographic film or fluorescent screen. 
The electrons from the cathode are accel- 
erated to a high velocity by the cathode 
voltage, pass through an aperture in the 
anode, pass between the deflecting plates 
or coils, and impinge on the film or screen. 
The oscillograph described in this paper 
includes these elements and additional 
elements to make the instrument suitable 
for recording transients of extremely short 
duration. A focusing coil increases the 
intensity of the beam, trapping plates con- 
trol its duration independently of the 
cathode voltage, and high-voltage circuits 
apply the cathode and beam-trapping volt- 
ages in the correct split-micro second se- 
quence. An automatic regulator holds 


Paper 42-108, recommended by the AIEE commit- 
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June 22-26, 1942. Manuscript submitted April 
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the oscillograph pressure at the desired 
value. The cathode voltage is held con- 
stant by a voltage regulator. These fea- 
tures that provide ease of control, fidelity 
of recording, and high writing speed are 
described more completely. 

A view of the instrument is shown in 
Figure 1 and a diagram of the high-voltage 
circuits in Figure 6. The cold cathode is 
operated at 60 to 80 kv obtained from an 
impulse generator. The film chamber, 
deflection tube, and beam-trap tube are 
metal; both metal and glass cathode tubes 
have been satisfactory. The deflecting 
tube contains a pair of sweep plates to 
move the beam along the time axis and a 
pair of deflection plates to move the beam 
in a direction perpendicular to the sweep. 
The trap, consisting of three pairs of par- 
allel plates, is placed between the anode 
and focusing coil. 


Vacuum System 


The vacuum system, Figure 2, was de- 
signed to maintain a pressure in the cath- 
ode tube sufficiently high to give a copi- 
ous discharge, while the pressure in the re- 
mainder of the oscillograph is low enough 
to minimize scattering of the beam and 
fogging of the film.® This differential in 
pressure is provided by a controlled leak 
from the atmosphere to the cathode tube 
and by the restriction in flow of air from 
the cathode tube to the remainder of the 
oscillograph at the anode hole. The direc- 
tion of air flow isolates the cathode tube 
from condensation-pump vapor without 
the necessity of a trap. 

When the oscillograph is pumped down 
from atmospheric pressure, a rough vac- 
uum is first obtained with the condensa- 
tion pump by-passed through valve 5; 
valves 3 and 4 open, and valves 1 and 2 
closed. To obtain a higher vacuum, valve 
5 is then closed, and valves 6 and 7 are 
opened by a switch controlling the inter- 
locked solenoids. The condensation- 
pump heater circuit and valve 5 will be 
opened and valves 6 and 7 closed by a flow 
switch if the cooling water for the con- 
densation pump stops. 

After the entire oscillograph has been 
evacuated to a low pressure, valve 3 is 
closed and valves 1 and 2 are manually 
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adjusted to allow a gradual increase in the 
cathode-tube pressure. At this time, the 
vacuum system is switched to automatic 
operation with valves 3 and 4 controlled by 
a contact-making vacuum gauge to regu- 
late the rate of leak to the discharge tube. 
Interlocked solenoids normally hold valve 
3 closed and valve 4 open. When the 
pressure in the discharge tube has in- 
creased to the desired value because of the 
leak, the gauge causes the momentary 
opening of valve 3 and closing of valve 4, 
reducing the leak-chamber pressure. The 
ratio of expansion to leak-chamber volume 
is about two per cent, and the pressure in 
the leak chamber is much greater than in 
the expansion chamber so the rate of leak 
to the discharge tube is also reduced by 
about two per cent by the operation of 
valves 3 and 4. The vacuum gauge con- 
tinues these automatic adjustments in 
rate of leak as frequently as is necessary, 
up to three times per minute, to maintain 
pressure in the cathode tube within a 
tolerance of 0.1 micron. Sudden changes 
in cathode-tube pressure are prevented by 
the smoothing action of the leak chamber. 


Focusing Coil 


The focusing coil has a steel shroud and 
pole pieces to give a short magnetic field 
of uniform intensity over the aperture to 
minimize aberration. The focusing cur- 
rent is held constant, independent of varia- 
tion in line voltage, by a gas regulator 
tube. The effect of the focusing coil on 
the beam intensity is shown in Figure 3 
by comparing the 5-millimeter width of 
the 1000-volt calibration line taken with 
the focusing coil unenergized, with the 
0.5-millimeter width of the dense zero line 
taken with the proper focusing coil cur- 
rent. A fine trace can be obtained with no 
focusing coil provided the anode hole is 
very small, but this greatly reduces the 
writing speed. 


Beam Trap 


There are three pairs of cross-connected 
beam-trapping plates, as described by 
Burch and Whelpton.* With perfectly 
balanced plates, voltages insufficient to 
trap the beam will not deflect it. Actu- 
ally it is impossible to adjust the plates 
perfectly; therefore, the trapping voltage 
is kept to a minimum during the sweeping 
time. Voltages in excess of about one kilo- 
volt deflect the beam so that it cannot pass 
through an aperture located between the 
two upper pairs of trapping plates. The 
beam is cut off below the anode except 
during a relatively short interval adequate 
for sweeping it across the film, and conse- 
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quently fogging of the film is reduced. 
With impulse excitation of the cathode, a 
beam trap is not a necessity as with con- 
tinuous excitation, but it is advantageous 
to cut the beam off while the cathode dis- 
charge is stabilizing and after the beam 
has been swept across the film. 


Cathode-Voltage Regulator 


The charge on the capacitors of the im- 
pulse generator supplying the cathode 
voltage is made independent of the sup- 
plyline voltage by a regulator of the elec- 
tronic type. If variation of cathode volt- 
age is permitted, the deflection will vary 
as is shown in Figure 4 by the two 1,600- 
volt calibration lines differing by three per 
cent which were taken with the regulator 
disconnected. Two zero lines were also 
taken but coincide since variations in 
cathode voltage do not affect the position 
of the zero line. 


Elimination of Spurious Deflection 
Magnetic fields deflect the beam, but a 


constant field, such as that of the earth, 
merely affects the position of the zero axis 
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and is not objectionable. The synchro- 
nous switch(see Figure 6) prevents random 
timing of the oscillograph operation with 
respect to the periodic variation in mag- 
netic field from nearby 60-cycle apparatus. 
It prevents errors such as are shown in 
Figure 5 by the separation of 0.5 milli- 
meters between two zero lines taken with 
the switch stopped. 

The metal deflection tube in this oscillo- 
graph prevents errors such as may occur 
in oscillographs with glass deflection tubes 
due to charges transferred from the beam 
to the glass walls. 

The deflection and sweep plates were 
designed and adjusted so that the deflec- 
tion produced by the two sets is at right 
angles and is proportional to the voltage. 


High-Voltage Circuits and Sequence 
of Operation 


It would be impossible to obtain oscillo- 
grams of nonrecurrent transients of short 
duration without proper timing of the 
cathode-voltage and sweep circuits of the 
oscillograph, and synchronization with 
the transient to be studied. 

A push-button control starts a sequence 


Figure 1. Oscillo- 
graph viewed from 
the front 


A—To cathode gen- 


erator 
B—Cathode tube 
C—Anode 
D—Beam trap 


E—Focusing coil 
F—Deflection cham- 
ber 

G—Film chamber 
H—V acuum-regula- 
tor gauge 


Figure 2 (right). 
Vacuum control sys- 
tem 


Valves 1 and 2 are 
manually adjusted. 
Solenoid valves 3 
and 4 are controlled 
by the contact-mak- 
ing vacuum gauge. 
Solenoid valves 5, 
6, and 7 are inter- 


locked 
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Figure 6. These operations include: 


1. Charging the cathode generator. 
2. Application of voltage to the cathode. 


3. Trapping the beam while the cathode 
discharge stabilizes. 


4. Sweeping the beam across the film. 


5. Initiation of the impulse generator so 
that discharge occurs during the sweep. 


6. Holding the beam off the film after the 
sweep is completed. 


7. Grounding the high-voltage circuits. 


In order to obtain constant sweeping 
speed, the sweep plates are operated at 
equal voltages of opposite polarity with 
respect to ground. For this reason, much 
of the high-voltage circuit is symmetrical 
with respect to ground. The operation of 
this circuit is best explained by consider- 
ing each step in the order of occurrence. 


Cathode-Generator Charging Period 


Operation of the control button starts 
the charging of the cathode generator. 
The Marx circuit capacitors C, and the 
reservoir capacitor C; are charged to 20 
ky, negative, and a positive charge of 20 
kv is placed on the similar capacitors C,’ 
and C,’. Simultaneously, the sweep- 
supply capacitors Cs and Cs’ in circuit 5 
charge to equal voltages of opposite polar- 
ity through resistors Ryg and Rijs’. A frac- 
tion of this voltage, determined by the 
ratios of Ry to Ris and Ry’ to Ri,’ in cir- 
cuit 4 is applied to the sweep capacitors 
Cs and C3’ to bias the cathode beam. Also 
a fraction of the voltage on the supply ca- 
pacitor Cs is applied to the beam-trap 
plates by the high-resistance potenti- 
ometer Ry», R23, in circuit 8, compensated 
by capacitors C\3, Cis for fast response. 
Capacitor C; in circuit 3 is charged to 40 
ky. 


Application of Voltage to Cathode 
When the capacitors of the cathode- 


voltage generator have been charged to 
the proper value of about 20 kv, the volt- 
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Amo Figure 3. Effect of focusing 
2 * 

@ focusing coil was unenergized for the 
000-volt calibration lines, but was energized 
for the zero line 


age regulator automatically opens the 
low-voltage charging circuit and releases 
the moving arms of the synchronous 
switch and the grounding contactor. The 
operating time of these switches is long 
compared with the longest sweeping time 
of the oscillograph. When the arms of the 


_ synchronous switch touch the middle pair 


of contacts, the cathode generator dis- 
charges as soon as the rotating arm 
reaches the closed position, which times 
the discharge with respect to the 60-cycle 
circuits. The gap G, discharges, and 80 
kv negative is applied to the oscillograph 
cathode. 

Gap G, discharges after an interval pro- 
vided by the charging time of C, in cir- 
cuit 1 for stabilization of the cathode dis- 
charge. 


Initiation of the Impulse Generator 


After G, sparks, gap G;is delayed by the 
time required to charge C; in circuit 2; 
the delay can be adjusted by the variable 
inductance. When G; sparks, an initiat- 
ing impulse travels to the three-electrode 
gap of the generator’ supplying the im- 
pulse to be measured. These circuits re- 
quire careful adjustment to time the tran- 
sient discharge to occur early in the period 
while the beam is crossing the film, which 


we 


Figure 4. Effect of variation in supply voltage 
on deflection 


Oscillograms taken with cathode-voltage 
regulator disconnected 
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Figure 5. Effect of stray magnetic fields 


Two zero lines taken with synchronous switch 

stopped; separation is caused by difference 

in instantaneous value of magnetic field from 
60-cycle equipment 


may be as short as 0.25 microsecond with 
a fast sweep. 


Removal of Beam-Trap Voltage 


The sparking of G, applies voltage to 
the line Z terminated by capacitor Ciin cir- 
cuit 3. This voltage disturbs the balance 
of voltage across the four-electrode gap 
Si-S2-S;-S4, which sparks and grounds 
electrodes S; and S; simultaneously. The 
capacitor C; discharges through Rj3 and 
the four-electrode gap, thus insuring low 
are resistance and thorough grounding. 
A four-electrode switching gap, not pre- 
viously used in such circuits, was neces- 


‘sary rather than the usual three-electrode 


gap. The two end gaps S; and S; must 
operate at equal voltages of opposite polar- 


Figure 6. High-voltage circuits 


1—Sweep delay 
9—|mpulse-generator delay 
3—Grounding 
4—Deflection-plate bias 
5—Supply 

6—Sweep 

7—Beam cutoff 

8—Initial beam hold-off 


CATHODE VOLTAGE REGULATOR~, 


TO CHARGING 
RECTIFIER 
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Figure 7. Consistency of deflection and 
absence of fogging 


Five traces are superimposed on each of 5 
lines. Superposition is possible because of 
the vacuum, cathode-voltage, and calibration- 
voltage regulators and the synchronous switch 


ity to give the necessary symmetry of 
circuits; another electrode S, provides the 
connection to ground, and hence a fourth 
initiating electrode S; was introduced. 

The points A and A’ in circuit 5 are 
grounded by the four-electrode gap. Asa 
result, the beam-trap voltage is removed 
by the compensated potentiometer in cir- 
cuit 8, and the beam appears between the 
deflection plates, but is held at the edge 
of the film by the charges acquired by Cs 
and C,’ during the charging period. 


Sweeping the Beam 


Grounding of A and A’ also puts 20 kv 
positive on Ry in circuit 5 and 20 kv nega- 
tive on Riz’ supplied from Cs and Cs’. As 
a result, current flows through the block- 
ing capacitors C; and C;,’, resistors Ris and 


CATHODE 


ANODE 


BEAM TRAP 
A [FOCUS COIL 


FILM 
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Rijs’, and into sweep capacitors C3 and C;’, 
which supply balanced positive and nega- 
tive voltages to the deflection plates. 
This current reverses the sweep-plate bias 
voltage so that the beam is swept across 
the film. The plate voltage is limited by 
sparkover of G, after which Rjy maintains 
sufficient voltage to hold the beam off the 
film. 


Beam Cut-off 


Voltage on Riz and Riz’ also causes cur- 
rent to flow through Ry, Co, Reo’ in circuit 
7 which builds up a positive voltage on Sg, 
while S; is held at 20 kv, negative, by the 
reservoir capacitor C;. During the sweep 
when Cy was charging, the voltage on the 
beam trap was unchanged, because circuit 
7 is symmetrical and balanced to ground 


13 Megacycle 
qt _ Oscillation 


0.15 


0.05 0.1 
MICROSECONDS 
Figure 8. High writing speed 


Voltage oscillation in a small circuit following 

gap breakdown. Timing wave is 10 mega- 

cycles; sweeping speed is 44 centimeters per 

microsecond and the maximum writing speed 
is 3,000 centimeters per microsecond 


since Cjz compensates for the capacitance 
of the gap S;-Ss. After a time delay, the 
gap S;-Ss sparks, applying voltage from 
C, that unbalances the voltages on capaci- 
tors Cj and Cy. A fraction of this voltage 
appears on the beam trap through Ry and 
Ry and traps the beam. 


High-Voltage Supply Grounded 


The moving-contact arms of the syn- 
chronous switch have been falling con- 
tinually since the holding contactor was 
tripped by the cathode-voltage regulator. 
When contact is made with the grounded 
stops, the cathode-generator capacitors 
C,, C,’ are grounded. The grounding 
contactor was released also and when it 
closes, the other capacitors are grounded 
so that the operator can make adjustments 
in safety. 
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Operating Controls 


Oscillator timing waves are provided by 
five pretuned circuits covering the range 
of 0.1 to 10 megacycles per second. 
Sweeping speeds which cross the film in 
0.25 to 200 microseconds may be selected 
by means of a tap switch varying C3; and 
C;’. The maximum convenient sweeping 
speed is about 45 centimeters per micro- 
second. Special deflecting-plate switches 
change the circuits for recording the sev- 
eral functions such as the timing wave, 
calibration voltage, and impulse voltage 
or current. In operation, the desired con- 
ditions are set up by means of those 
switches, and the sequence of operations 
of the circuits to make the exposure is 
initiated by a single push button. 


Performance of the Oscillograph 


Several factors have been discussed that 
make the oscillograph free from spurious 


0.2 04 =O 
MICROSECONDS 


Figure 9. The consistent timing of oscillo- 

graph and generator is illustrated by 5 volt- 

time oscillograms of gap breakdown on one 

film. The variation in timing is 0.08 micro- 
second 


deflection. Figure 7 shows a zero line and 
deflections due to positive and negative 
calibration voltages of 805 volts and 1,610 
volts. This oscillogram demonstrates the 
accuracy and consistency of the instru- 
ment, since five separate traces were super- 
imposed on each line without causing an 
appreciable increase in the width of the 
lines. The sensitivity was constant at 
36.4 volts per millimeter for each cali- 
bration line. The 25 traces on the film 
have not caused fogging. 

Figure 8 shows an oscillogram of a 113- 
megacycle oscillation in an extremely 
small local circuit following the break- 
down of agap. The beam crossed the film 
in 0.25 microsecond. . The maximum writ- 
ing speed on this oscillogram is about 
3,000 centimeters per microsecond, which 
is ten per cent of the speed of light. To 
obtain this oscillogram, a rectangular cir- 
cuit was connected directly to the deflect- 
ing plates, which provided most of the cir- 
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cuit capacity. The opposite side of the 
circuit contained a small gap that was 
sparked over by the impulse generator to 
start the oscillation. A resistor was con- 
nected in parallel with the gap to prevent 
deflection by voltage induced in the plate 
circuit previous to gap breakdown. Divid- 
ers are necessary for the measurement of 
high voltages and will limit the accuracy 
with which ultrafast transients can be re- 
corded, rather than the writing or sweep- 
ing speeds of the oscillograph. 


Comparison With Hot-Cathode 
Oscillograph Having Permanently 
Sealed Vacuum 


The sealed-in high-speed oscillograph 
with the film outside the vacuum, on 
which improvements also have been re- 
ported®? within recent years, occupies the 
position of an every-day general-purpose 
instrument for transient work. It is sim- 
pler in construction and operation and ca- 
pably records all but the ultrafast tran- 
sients for which the instrument described 
in this paper is especially valuable. 


Conclusions 


The oscillograph described should be re- 
garded as a precision research tool ca- 
pable of recording ultrafast phenomena. 
Due to the complexity of the circuits, the 
operator must use considerable care and 
skill to realize the best performance. The 
authors believe it represents marked prog- 
ress in the design of ultrahigh-speed os- 
cillographs for the measurements of tran- 
sients and that several features add 
definitely to performance characteristics 
hitherto attained. During the two years 
in which this instrument has been in con- 
stant use, the accuracy, consistency, high 
writing speed, and convenience of opera- 
tion have been of great benefit in the study 
of lightning arresters and problems of pro- 
tecting insulation. 
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Synopsis: Various electrical standards are 
reviewed from the viewpoint of the selection 
and interpretation of ambient temperature 
values. Equivalent aging temperatures for 
insulation have been calculated from 
- recorded ambient temperature data for 
s several typical outdoor and indoor locations. 
From these the suitability of ambient values 
now used for the establishment of tempera- 
ture rises for rating purposes is discussed. 
_ These values seem to be well chosen, but 
some clarification in meaning and in methods 
of using them for rating and application pur- 
poses is desirable. For apparatus rated on 
a 40 degrees centigrade ambient basis, ap- 
_ preciable margins in permissible temperature 
rise exist under many conditions and for 
many places of application. Permissible 
increases in loading for certain motors with- 
out exceeding conservative hot-spot tem- 
peratures are suggested, subject to the 
limitations imposed by other operating con- 
siderations. 


: 
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Standards for Electrical Apparatus 


HE permissible temperature rises for 

rating purposes given in various com- 
mercial standards for apparatus and con- 
ductors were obtained by considering the 
maximum continuous temperatures for 
insulation and selecting certain values of 
ambient temperature. The ambient 
values most commonly used are: 


40 degrees centigrade—For commercial 
standards for the majority of all electrical 
apparatus and for some cable-rating pur- 
poses. 
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ductors Under Various Ambient- 


Temperature Conditions 
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380 degrees centigrade—For commercial 
standards for wires and cables and, with 
qualifying statements, for the newly pro- 
posed standard for transformers, 


25 degrees centigrade—For standards for 
rotating apparatus on electrical vehicles 
and in some Underwriters’ regulations. 


50 degrees centigrade—For standards for 
marine apparatus for which 40 degrees centi- 
grade is not considered adequate. 


Generally speaking, these values are 
well chosen for the various cases indicated, 
but there is some inconsistency between 
the wording of the standards and the 
methods and generally accepted theory of 
applying apparatus. Some standards 
simply specify that apparatus will have 
the proper rating when the temperature of 
the cooling medium does not exceed 40 
degrees centigrade. In at least one case 
the statement “‘at no time exceeds 40 de- 
grees centigrade” is used. In others 40 
degrees centigrade is specified as the limit- 
ing ambient temperature of the cooling 
air or other gases, with a supplementary 
statement that the ambient temperature 
in locations where electrical apparatus is 
operated in the United States rarely ex- 
ceeds 40 degrees centigrade. There is a 
general impression that 40 degrees centi- 
grade is exceeded in only a few locations, 
but this is not confirmed by actual rec- 
ords. Weather bureau statistics show 
that outdoor temperatures have at times 
exceeded 40 degrees centigrade in 30 out 
of 60 stations.* Thus, in indoor applica- 
tions, where considerable heat is gener- 
ated by losses in large electrical appara- 
tus, heat engines, steam pipes, and indus- 
trial heating equipment, 40 degrees centi- 
grade will at times be exceeded in a large 
number of applications. However, the 
total percentage of time during which 40 
degrees centigrade is exceeded is as a rule 
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very low, not more than 0.5 per cent for 
most outdoor locations and a somewhat 
higher percentage for some indoor loca- 
tions. Nevertheless, with a strict in- 
terpretation of the statement that the 
cooling medium must not exceed 40 de- 
grees centigrade, a large percentage of 
applications would have to be considered 
as special. In actual practice, standard 
apparatus having a temperature-rise rat- 
ing based on a 40 degrees centigrade 
ambient is actually applied more or less 
indiscriminately with success in all but 
unusually hot locations. This is to be 
expected in the light of various investiga- 
tions on the life of insulation, which have 
Shown conclusively that life or rate of 
deterioration is dependent upon both time 
and temperature. 

Since the temperature-rise rating pre- 
sumes continuous operation at the stand- 
ard ambient temperature, it may be ex- 
pected that satisfactory life of insulation 
at rated load will be obtained when this 
ambient temperature is maintained con- 
tinuously. If this is true, it follows 
directly from these investigations on the 
life of insulation that equal life will be 
obtained in spite of short periods at tem- 
peratures above 40 degrees centigrade, if 
values below 40 degrees prevail for the 
greater part of the time. This is the con- 
dition found nearly everywhere in prac- 
tice; ambient temperatures usually vary 
over wide ranges and include values below 
40 degrees centigrade for most of the time. 

On the basis that a continuous ambient 
is used for rating purposes, it is merely 
necessary to make sure that the prevailing 
ambient temperatures, which vary con- 
tinually in practice, are equivalent in their 
aging effects to this standard value. This 
will result in the most effective application 
of apparatus. A method of determining 
the aging temperature equivalent to any 
given varying temperature is available in 
the eight degrees centigrade rule,!,? which 
states that the aging effect of temperature 
doubles for each eight degrees increase in 
temperature. This eight degrees centi- 
grade rule is not a precise law and cannot 
be applied indiscriminately for all insula- 
tion, but it does serve as a useful guide 
for analytical purposes. 


Equivalent Aging Temperatures 


The use of the eight degrees centigrade 
rule is illustrated in Figure 1. Curve A 
was obtained from available outdoor tem- 
perature records for Dallas, Tex. It 
shows the percentage of time during which 
certain temperature values were exceeded. 
To obtain corresponding machine tem- 
peratures, the hot-spot temperature rise 
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of 65 degrees centigrade permissible for 
many forms of class-A insulation is added 
to curve A, giving curve B. By using the 
eight degrees centigrade rule, it is possible 
to calculate a constant temperature D 
(appendix II) which has the same effect 
in deteriorating insulation as curve B. 
By subtracting 65 degrees centigrade 
from D, the value Cis obtained. Thisis a 
single value equivalent to the ambient 
temperature curve A. The validity of 
this operation depends, of course, on the 
empirical eight degrees centigrade rule, 
but its application is conservative. It is 
assumed that the insulation temperature 
follows changes in ambient temperature 
exactly. Actually, insulation tempera- 
tures lag and the effect of the higher am- 
bient temperatures is somewhat less than 
curve B indicates. 

Dallas is one of the hottest places in the 
country. Although the maximum tem- 
perature exceeds 40 degrees centigrade, 
the equivalent yearly outdoor tempera- 
ture is only 22 degrees. Figure 2 shows 


MACHINE TEMPERATU 


TEMPERATURE 


DALLAS, TEXAS 
1932-37 INC. 


0 10 20 30 40 50 60 70 80 90 100 
PERCENT OF YEAR 


Figure 1. Actual and equivalent ambient and 
machine temperatures for outdoor locations in 
Dallas, Tex., 1932-37 inclusive 


curves and values for other locations and 
the equivalent temperatures are from 12 
to 22 degrees centigrade. Therefore, out- 
door apparatus can be safely applied al- 
most anywhere if the standard tempera- 
ture rises are based on an ambient of 25 
degrees centigrade. However, a further 
assumption that heat from sun radiation 
can be neglected is necessary. It has been 
shown that this assumption is correct in 
most cases, because wind velocities nearly 
always existing outdoors, though rather 
low, compensate for sun radiation, There 
are a few exceptions to this, such as meters 
or transformers mounted in well-protected 
corners of buildings and subject to con- 
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siderable sun exposure, the influence of 
which may then at times be appreciable. 
Most types of electrical apparatus are 
at times located indoors and the consid- 
eration of outdoor temperatures is in it- 
self of restricted value. However, it is 
useful as a basis for the study of indoor 
temperatures for which no comprehensive 
statistics are available or likely to be 
available in the near future. Therefore, a 
logical method is to use outdoor statistics 
and make tests on the differences between 
outdoor and indoor temperatures for a 
limited number of typical indoor locations. 


In buildings heated for human comfort, 
a more or less constant temperature is 
maintained during the cooler seasons of 
the year. A constant value of 25 degrees 
centigrade represents the higher limit of 
temperatures prevailing during the heat- 
ing period. At other times it might be 
assumed that the indoor temperature can 
be maintained the same as the outdoor 
temperature in a substantial ideally venti- 
lated building. In practice there are, 
however, a number of factors tending to 
increase indoor temperatures even when 
no appreciable amounts of heat are gener- 
ated inside. These factors are: heat 
from occupants and lighting fixtures, the 
poor heat exchange generally given by 
open windows, the fact that windows are 
kept closed a part or all of the time, and, 
finally, heat caused by sun radiation. 


Figure 3 shows simultaneous outdoor 
and indoor records taken in an office in a 
substantially built modern office building 
having northwestern exposure with sun 
radiation through the windows only after 
5 p.m. At the end of the office hours, 
about 5 p.m., the windows are closed and 
night temperatures are appreciably higher 
indoors. During the second day shown it 
was cloudy after 5 o’clock, and the maxi- 
muin temperature was only slightly higher 
indoors. In contrast, the marked in- 
fluence of the late afternoon sun appeared 
during the third day, resulting in a differ- 
ence of 5.6 degrees centigrade (ten degrees 
Fahrenheit) at 6:30 p.m. Similarly the 
influence of sun exposure with closed win- 
dows, as may be found in unoccupied 
storerooms and similar places with south- 
ern exposure, can be appreciable. The 
high peak on the first day indicated in 
Figure 3 was caused by the recording in- 
strument being directly exposed to the 
sun. The effect is quite marked, al- 
though the instrument case is light in 
color and ventilated. If apparatus with 
dark heat-absorbing surfaces is subjected 
to sun radiation through windows, the 
effect may be quite marked because of the 
lack of compensating outdoor breezes. 

Similar records have been obtained in a 
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powerhouse basement and a factory build- 


ing. The powerhouse basement was with- 
out windows and poorly ventilated, but 


4 


the recorder was at least ten feet from — 


direct heat sources such as steam pipes. 
The factory building was a single-story 
structure, with a covering of boards plus 
sheet iron on the walls and paper on the 
roof. Several small ovens operating at 
temperatures up to 175 degrees centigrade 
were located in the vicinity of the ther- 
mometer. It was placed near the south 


windows as well, which resulted in con-_ 


siderable influence from sun radiation. 
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Figure 2. Actual and equivalent outdoor 
ambient temperatures for six cities of the 
United States 


From these tests the curves of Figure 4 
have been estimated for certain indoor 
conditions and the equivalent ambient 
temperatures calculated. The tests cov- 
ered only a 100-day period in midsummer, 
but the data have been adjusted to an an- 
nual basis compared to the outdoor curve 
for the period of test and then applied to 
the Dallas outdoor curve. A constant in- 
door temperature of 25 degrees centigrade 
has been assumed when lower tempera- 
tures prevailed outdoors. Figure 5 shows 
the same procedure applied to the outdoor 


curve above 25 degrees centigrade for _ 


Bismarck, N. D. This is one of the hotter 
locations in the northern section of the 
United States, as divided in Figure 2 of 
AIEE Standard No. 1.3. Although maxi- 
mum temperatures are high, they do not 
persist as in more southern climates, and 
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Figure 3. Recorded temperatures outdoors 
and in a modern office building at East Pitts- 


: : burgh 


equivalent aging temperatures are corre- 


_ spondingly lower than in Dallas. The 


equivalent aging temperatures for these 
selected locations in Dallas and Bismarck 
lie between 25 and 32 degrees centigrade 
for the most part, with the Dallas power- 
house 36.5 degrees centigrade. In the 
latter case, even with a 25 degrees centi- 
grade minimum temperature, 30 degrees 


_ exceeded most of the time, and 40 degrees 


] 


exceeded 20 per cent of the time, the 


- equivalent temperature is still well within 


the 40-degree standard. In practice all 
sorts of variations will be encountered in 
individual applications, but for either 


- locality it seems that, regardless of high 


maximum temperatures, equivalent aging 
temperatures as high as 40 degrees centi- 


_ grade are likely to be found only under 


very unusual circumstances. Since Dallas 
is one of the hotter places in the country 


this statement may be applied to appara- 


tus locations in buildings generally. 
Figure 5 seems to indicate that, except 


with a great deal of heat generated and 


poor ventilation, the equivalent aging 
temperature will rarely exceed 27 degrees 
centigrade for large sections of the coun- 
try. This applies particularly to many 
highly industrialized sections of the 
United States. Moreover, the 27 degrees 
centigrade value is based on the assump- 
tion that indoor winter temperatures are 
25 degrees. Actually, the temperatures 
maintained in industrial establishments in 
winter are nearer 20 degrees centigrade, 
which results in equivalent aging tempera- 
tures for the year certainly no greater 
than 25 degrees. 


Enclosures and Buildings 


The inside temperatures of enclosures 
provided for the specific purpose of hous- 
ing electrical apparatus are usually higher 
than the outside. In relatively small en- 
closures with restricted ventilation, such 
as steel cubicles for switch-gear, a distinc- 
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tion is made between inside and outside 
ambient temperatures. Extreme differ- 
ences have of course been encountered 
when the enclosure had no ventilation. 
These conditions require special considera- 
tion in each case. On the other hand, 
when apparatus is enclosed in a regular 
building, the temperature in the building 
is considered the ambient temperature for 
the apparatus. 

In this connection some interesting tests 
have been reported on an indoor trans- 
former installation.‘ A ventilated build- 
ing about 18 by 25 feet and 24 feet high 
housed three power transformers. In 
Figure 6 the heaviest lines represent the 
outline of the building, with cooling air 
flow indicated by the arrows. Figure 6a 
shows isothermal lines midway between 
two transformers, and Figure 6b shows the 
isothermal lines for a section through the 
center line of atransformer. The numbers 
given on the lines indicate the difference 
between outside and inside temperatures. 
The average temperature in the building 
is about eight degrees centigrade above 
the outdoor temperature. In the case of 
Dallas this would give an equivalent tem- 
perature of about 30 degrees centigrade. 
However, the lines above the transformer 
show an excess of 11 to 15 degrees centi- 
grade over outside temperature. Applied 
to the Dallas equivalent temperature of 
22 degrees centigrade, this gives ambi- 
ent values of 33 to 37 degrees. If aux- 
iliary apparatus were installed above the 
transformers, it would be operating under 
these ambient conditions. This conclu- 
sion is made under the assumption that 
the building is fully ventilated at all times; 
however, the ventilation may be restricted 
in cooler seasons of the year, resulting in 
equivalent ambient temperatures of 35 to 
40 degrees centigrade at points above the 
transformers. It is believed that this gen- 
eral situation is frequently found in build- 
ings housing electrical apparatus. 

A somewhat different case is an indus- 
trial building subject to considerable sun 
radiation or other heat sources. Tem- 
peratures in the upper regions of the 
building, where some types of apparatus 


Hellmund, McAuley—A pplication of Apparatus 


30 40. 50 60 70 
PER CENT OF YEAR(AT OR ABOVE) 


100 


Figure 4, Estimated prevailing and equivalent 
ambient temperatures for typical locations in 


Dallas, Tex. 


1. Outdoors 1932-37 inclusive—above 25 
degrees centigrade 

2. Office building—northern exposure— 

open windows daytimes 

3. Office building—southern 


closed windows 


exposure— 


4. Building with industrial heat sources— 
thin walls 


5. Powerhouse—poorly ventilated area 


may be installed, may be appreciably 
higher than in the lower parts where 
temperatures usually are measured. Al- 
though some of the previous cases derived 
from tests do not show equivalent am- 
bient temperatures in excess of 35 degrees 
centigrade, equivalent temperatures close 
to 40 degrees may be expected in some 
parts of many buildings. The short-time 
maximum temperature in such locations 
is likely to be 50 to 60 degrees centigrade. 


Preferred Standard Ambient 
Temperatures 


From these studies, the suitability of 
the ambient temperature values used for 
temperature-rise standardization purposes 
can be considered. For maximum sim- 
plicity in the application of apparatus, the 
ambient temperature of 40 degrees centi- 
grade has been well chosen. The tempera- 
ture conditions for the very small per- 
centage of cases where apparatus so stand- 
ardized cannot be safely applied are so un- 
usual that they will be readily recognized. 
(An equivalent temperature of 40 degrees 


centigrade. usually permits occasional 
maximum values of 50 to 60 degrees; con- 
sequently, misapplications are easily 
avoided.) 


On the other hand, it might be con- 
tended that 40 degrees centigrade is con- 
trary to maximum economy, because in a 
large percentage of applications equivalent 
ambient values of 30 to 35 degrees are not 
exceeded. The question of what would be 
gained by using 35 degrees centigrade as a 
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Figure 5. Estimated prevailing and equivalent 
ambient temperatures for typical locations in 


Bismarck, N. D. 


1. Outdoors 1932-37 inclusive—above 25 
degrees centigrade 
2. Office building—northern exposure— 
open windows daytimes 


3. Office building—southern 
closed windows 


exposure— 


4. Building with industrial heat sources— 
thin walls 


5. Powerhouse—Poorly ventilated area 


basic ambient value might therefore 
arise. It would permit hot-spot tempera- 
ture rises® of 70 instead of 65 degrees centi- 
grade for class-A insulation, and 95 in- 
stead of 90 degrees for class-B insulation, 
gains of 7.7 and 5.6 per cent respectively. 
With apparatus having chiefly copper 
losses, this means increases in rating of 
only 3.9 and 2.8 per cent respectively; 
with apparatus having both iron and cop- 
per losses, gains of 7 and 5 per cent might 
be realized. 

For these gains it seems wrong to sacri- 
fice the present satisfactory situation 
which permits almost indiscriminate ap- 
plication of standard apparatus drawn 
from storerooms all over the country. A 
great deal of this apparatus has line- 
voltage magnet coils, and adjustment of 
the load to suit special ambient tempera- 
ture conditions is not possible; the same 
is true with motors permanently built into 
or connected to driven machines. In 
these cases special apparatus would be re- 
quired, if the temperature rating of stand- 
ard apparatus were not based on a suffi- 
ciently high and universally applicable 
ambient temperature. The cost probably 
would more than balance any economic 
gain from a lower ambient as a basis for 
standard apparatus. It is of course pos- 
sible to load certain machines somewhat 
below their normal rating, if the ambient 
temperature is higher than that used as a 
basis for the rating; however, it is just as 
easy to apply a machine to a somewhat 
higher load, if its rating is based on 40 de- 
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grees centigrade, and it is used in a locality 
with a lower equivalent ambient value. 
Considering further that there are cer- 
tain inaccuracies in the eight degrees eenti- 
grade rule used as a basis for this study, 
and that there is usually not much known 
about the temperature conditions for 
many applications, it certainly seems ad- 
visable to retain the margin of safety and 
the simplicity afforded by the use of 40 de- 
grees centigrade as an ambient value for 
general purposes. A further reason for 
adhering to this value is that frequently 
apparatus is installed under conditions 
which interfere with proper ventilation. 
In Figure 7, curve A has been estimated 
to show the percentage of all apparatus 
that can be applied without special con- 
sideration for temperature-rise ratings 
based on different standard ambient tem- 
peratures. In the absence of extensive 
statistical data no claims can be made for 
the accuracy of the curve. It does illus- 
trate the basic considerations involved 
and the greater applicability of stock ap- 
paratus, the higher the standard ambient 
temperature on which ratings are based. 
In spite of the advantage of the 40 de- 
grees centigrade value for general use, it 
must be admitted that the use of lower 
values such as 30, or even 25 degrees, is 
justified where some conditions of applica- 
tion or economic considerations apply. 
One such case is rubber-insulated wire, 
some varieties of which are suitable for a 
continuous maximum temperature of only 
50 degrees centigrade. The permissible 
rise is 20 degrees centigrade with an am- 
bient temperature of 30 degrees, and only 
10 degrees with an ambient of 40 degrees; 
in other words, the increase of rating pos- 
sible with 30 degrees is 41 per cent. The 
greater part of this wire is used in places 
where an equivalent temperature of 30 
degrees centigrade is not exceeded. This 
is roughly illustrated by curve B of Figure 
7. (The eight degree centigrade rule may 
not apply to rubber-insulated wire, and 
curve B may not be quantitatively cor- 
rect.) It follows that the sacrifice in 
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Figure 6. Isothermal lines around a large 
transformer in a ventilated enclosure 


(a) Between two transformer units 
(b) About the center line of one unit 


economy resulting from an ambient of 40 
degrees centigrade for this wire is entirely 
too great for the advantages gained there- 
by. This is especially true, because in the 
few locations where higher temperatures 
prevail, standard wire can be used merely 
by reducing the rating. Hence, the store- 
room problem, which would complicate 
the situation in connection with many 
other types of apparatus, is of no particu- 
lar importance. On the whole, it seems 
that ratings for rubber-covered wire based 
on a standard ambient of 30 degrees centi- 
grade are well justified. 

Another case of interest is that of trans- 
formers. Curve C has been estimated as 
applying to transformers and shows ap- 
proximately the percentage of trans- 
formers which can be applied on a 30-de- 
gree centigrade basis; this percentage is 
high because most transformers are lo- 
cated outside. A rather small percentage 
of 30 degrees centigrade transformers re- 
quire special consideration in their ap- 
plication. Also, since transformers are 
nearly always applied by engineers fully 
familiar with all the problems involved, 
ratings based on a 30 degrees centigrade 
ambient seem well justified. (The pro- 
posed transformer standards specify that 
nominal rating can be used if the average 
temperature during any 24 hours does not 
exceed 30 degrees centigrade, with a maxi- 
mum of 40 degrees, which gives a continu- 
ous hot-spot temperature of 95 degrees. 
This provision in itself will result in an 
equivalent value somewhat in excess of 30 
degrees centigrade for the 24-hour period, 
as here developed. However, since there 
will be only a few days during the year 
with such high temperatures, it is esti- 
mated that the provisions in the trans- 
former standards are about the same as 
an equivalent temperature of 30 degrees 
centigrade or less.) 
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Surve D. applies 2 rotating Boneretis 
sity to keep weight to a minimum, and 
because such apparatus is nearly always 
outdoors, the present practice of a 25 de- 
gree centigrade standard ambient is justi- 
fied. For the sake of maximum simplicity 
in the standard structure, a value of 30 
degrees centigrade for railway work seems 
preferable and would hardly interfere with 
maximum economy. The five degree 
centigrade difference represents a very 
small percentage of the customary tem- 
perature rises in this type of apparatus. 


There are other cases where a standard 
ambient temperature of 30 degrees centi- 
grade would be justified. For example, 
some domestic or office appliances are 
used almost exclusively in locations where 
an equivalent temperature of 30 degrees 
centigrade is not exceeded while the de- 
vices are in use. There are practically no 
homes or offices in which the equivalent 
: temperature exceeds 30 degrees centigrade 

"while occupied. Even if higher tempera- 
tures prevail when windows are closed, 
_ this is of no particular importance because 

the devices are not then loaded and will 
not overheat. 

Therefore, considering both simplicity 
and economy, it seems well to retain the 
40 degrees centigrade value but to recog- 
nize that a 30-degree value is justified for 
some apparatus and applications. It will 
of course also be necessary to use the 50 
degree centigrade value for those few loca- 
tions, such as holds of ships, where 40 
degrees is not sufficient. An even higher 
standard ambient value may be necessary 
in special cases. 

The previous considerations all are 
based on the deterioration of the conven- 
tional insulating materials, with the idea 
of assuring satisfactory life of apparatus 

from that point of view. The influence of 
temperature conditions on the oxidation 
and operation of contact surfaces or upon 
the operation of electronic devices and 
other types of apparatus may, of course, 
be subject to different laws and thus re- 
quire separate consideration. Very few 
quantitative data seem to be available 
for such studies, but AIEE standards co- 
ordinating committee 7 is working on 
these problems. Regardless of the results, 
it would seem best to use the same basic 
ambient values for standardization pur- 
poses, with the understanding that satis- 
factory results are obtained if these am- 
bient temperatures are maintained con- 
tinuously. Any difference between the 
characteristics of other types of apparatus 
and ordinary electromagnetic apparatus 
can be taken care of in the methods of 
application. 
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Conclusions 


Ambient temperature values equivalent 
to the continually changing temperatures 
encountered in practice have been derived 
for various localities. From these data it 
is concluded that the standard ambient 
temperature values selected for use in 
establishing temperature rises for rating 
purposes in the various standards are, in 
general, sound, It is suggested, however, 
that some clarification in meaning and in 
methods of using these selected values for 
rating purposes is desirable. 

The data also show that for apparatus 
rated on a continuous 40 degree centigrade 
ainbient basis, certain margins in tempera- 
ture rise exist under many conditions and 
for many places of application. Recogni- 
tion of this situation is particularly valu- 
able at this time, when it is often neces- 
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Figure 7. Estimated curves for different ap- 
paratus applications, showing the percentage 
of applications for which standard apparatus 
based on different ambient temperatures is 


suitable 
A. General C. Transformers 
B. Cables D. Railway apparatus 


sary to increase loads on industrial equip- 
ment. Under these rating conditions an 
equivalent ambient temperature of 25 de- 
grees centigrade may permit overloads 
which increase operating temperature- 
rises by 15 degrees without exceeding per- 
missible hot-spot temperatures, when this 
is compatible with other operating con- 
siderations. 

Apparatus ratings primarily are based 
on a continuous hot-spot temperature of 
105 degrees centigrade for class-A insula- 
tion, although transformer standards 
specify 95 degrees. At times doubt has 
been expressed that the 105 degrees centi- 
grade temperature will give satisfactory 
life of insulation, since laboratory tests 
have demonstrated loss in mechanical 
strength of materials continuously sub- 
jected to 105 degrees. On the other hand, 
hot spots in many machines occur in slots 
where the insulation is well supported and 
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where some loss of mechanical strength 
can be tolerated. Extensive trials on ac- 
tual machines at 105 degrees centigrade 
for long periods have shown very satis- 
factory life. 

To eliminate this doubtful point, it can 
be assumed that the equivalent hot-spot 
temperature should not exceed 100 degrees 
centigrade, This takes advantage of only 
ten of the 15-degree margin and gives a 
permissible temperature-rise of 75 instead 
of 65 degrees, or an increase of 15.4 per 
cent. For general-purpose motors based 
on a 40 degree centigrade temperature- 
rise by thermometer, an extra ten degrees 
is available, permitting an increase in this 
case of 36.5 per cent. (Actually, the serv- 
ice factor for these machines requires the 
ability to carry a 15 per-cent overload 
with a 40 degree centigrade ambient main- 
tained continuously.) Table I shows per- 
missible increases in loads for motors, con- 
sidering temperature only and taking ad- 
vantage of these temperature-rise in- 
creases of 36.5 and 15.4 per cent. With 
the total losses increased by these per- 
centages, permissible increases in copper 
losses are given in columns 3 and 5. Col- 
umns 4 and 6 show the increases in cur- 
rents corresponding to these copper losses. 


Table |. Permissible Per-Cent Increases in 
Motor Losses and Currents for 100C Hot-Spot 
Temperatures at 25C Ambient 


— 


General 
Purpose 40C 
Rise by Ratings Based on 
Thermometer 50C Rise by 
Assumed Loss -~—————————___ Thermometer 
Distribution Cop- 
per Copper 
Iron Copper Loss Current Loss Current 
OD26 Oni orci + 49,.,.22 AP AVES rs (0) 
0335.6 50.65 ..0006 125 120 cn ae 
O50), 20 250. oes Tone asls 5,281 St ale is 


Since hot-spot temperatures are not 
directly proportional to total losses but 
depend also upon distribution of losses 
between copper and iron, these figures 
may be somewhat optimistic. It does ap- 
pear reasonably safe, however, to increase 
currents on 50-degree-rise machines by 8 
to 13 per cent and on general-purpose 40- 
degree-rise machines by 20 to 30 per cent 
under the conditions stated. For induc- 
tion motors torque usually increases some- 
what faster than the current. It is as- 
sumed, of course, that operation is at rated 
voltage. If operation is not at rated volt- 
age, part of the margin indicated may not 
be available for increased loads. 

Furthermore, this paper deals only with 
the effect of temperature on the aging of 
electrical insulation. There are other fac- 
tors that should be considered when con- 
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templating placing an overload upon a 
rotating machine.’ Mechanical strength 
of shafts, bearings and couplings, com- 
mutators, lubrication, and so forth, must 
be recognized as limiting factors also and 
should receive due consideration. Fur- 
thermore, utilizing these temperature 
margins may reduce insulation life from 
that commonly obtained under operation 
at substandard temperatures. 

Unfortunately, simple conclusions cov- 
ering all conditions encountered in prac- 
tice are not possible, but it is hoped the 
data presented will be of assistance in de- 
termining increased loads for existing ma- 
chines and apparatus in this time of emer- 
gency. Also, the statistical data of AIEE 
Standard No. 1 should be helpful in de- 
termining the localities where prevailing 
ambient temperatures might make in- 
creased loading of equipment possible. 

Although the data given here are pri- 
marily intended to be helpful under pres- 
ent emergency conditions, it is also hoped 
that the views presented will be con- 
vincing evidence of the futility of sugges- 
tions for the use of a great variety of am- 
bient temperature values and departures 
from standard temperature-rises in com- 
mercial transactions. Certain variations 
in ambient temperatures always will occur 
but wide confusion would result from at- 
tempts to reflect these into the system of 
rating apparatus. 


Appendix |. Ambient Tempera- 
ture Specifications in Standards 


(The wording referring to ambient tem- 
perature in the different standards is far 
from uniform. The letters in these data 
indicate certain general classifications but 
do not cover all the variations in wording 
even where no distinctions in meaning are 
intended. Furthermore, where apparatus 
may be water-cooled, supplementary state- 
ments are given.) : 


50C 40C 30C 25C 24C 


AIEE anp AMERICAN STANDARDS ASSOCIATION 
Metal-tank mercury- 


arc rectifiers, « s\astesiay- cine A 
Industrial control ap- 

PD AVAGUSE Meta sc- sie ee raieke ees te B 
Electric-railway con- 

LTO apparatus... .). se seis ws 
Capacitorss, nicyic.cs eet nt B 
Apparatus bushings......... ie 
Air switches and bus 

SUPE ES hey sis 46. hie aad er B 
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* Cables 


50C 40C 30C 25C 24C 
AIEE anp AMERICAN STANDARDS ASSOCIATION 


Relays associated 

with power switch- 

PCA Yenc iecacs asters Satie a so 
Protector tubes. .....5-....« A 
Fuses above 600 volts....... B 
Automatic stations,........ B 
Switchboards and 

switching  equip- 

TILERLES ol checVouste revere levaieiators ode B 
Switchgear assemblies. .....- A 
Lightning arresters.......... A 
Electric-arc-welding 

AD DALAUCLIT Kereiviciatsaretelt ener oke B 
Resistance welding 

APPALALUS ie rerctane,s reletons viens B 
Electrical installa- 

tions on shipboard...A ...— 
Railway motors...5....5..-- —...—...B 
A-c power circuit 

breakers 3,5 aes-ssc nv eveteec B 
Rotating electrical 

MMACHINEHY:), cistsciets claret B 
Transformers, regula- 

tors, and reactors......... D 


NATIONAL ELECTRICAL MANUFACTURERS’ 
ASSOCIATION 


Industrial control........... B 
Motors and genera- 
LOLS arate wrodeetsraencteenereie rare A 
Oil circuit breakers.,........ E 
Signalling transformers,......—...—...—...F 
General-purpose spe- 
cialty transformers........ E 


UNDERWRITERS LABORATORIES 


Tadusttialicontrol..- sees A 
Motor-operated fans........ Oe 
Branch circuit and 

service circuit 


Auxiliary breakers iso .:csiencislog se taisteie eee I 
Motor-operated 
pliances 


INSULATED POWER CABLE ENGINEERS ASSOCIATION 


NATIONAL ELECTRICAL CopE 
Conductorsaaaee eines — 5.3 


GENERAL CLASSIFICATION 


A. Equipment conforming with these standards 
shall be suitable for carrying the rated load when 
and where the ambient air temperature at the 
equipment does not exceed Cc 


B. Apparatus conforming with these standards 
shall be suitable for operation at the standard rating 
when and where the temperature of the cooling 
medium does not exceed (e 


C. Apparatus bushings conforming to these stand- 
ards shall be suitable for operation at their standard 
ratings when and where the temperature of the ex- 
ternal cooling medium does not exceed 40C maxi- 
mum or 30C average for any 24-hour period. 


D. Apparatus conforming to these standards shall 
be suitable for operation at rated load with rated 
secondary voltage, provided the temperature of the 
cooling air at no time exceeds 40C, and the average 
temperature of the cooling air during any 24-hour 
petiod does not exceed 30C, 


E. The standard ambient temperature of reference 
when the cooling medium is air shall be 40C. 


F,. The standard ambient temperature shall be 
24C, 


G. It is assumed that the ambient temperature 
will be ordinarily about —C, 
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H. The temperatures given in these requirements 


are based on a room temperature of 25C. 


I. The tests shall be conducted with the switch a 
room temperature, preferably 24C. : 


J. Capacities are based on room temperature of 
30C. . 


Appendix Il. Calculation of 
Equivalent Aging Temperature by 
Eight Degree Centigrade Rule 


The continuous temperature equivalent 
to a given temperature distribution curve 


for a period of time is calculated by dividing — 


the curve into convenient trapezoids or 
rectangles and applying equations 1 and 2. 


(eX Ta eT 


K(T2—T1) 


A=tho (1) 


for a trapezoid 


(2) 


A =te*" for a rectangle 


A =aging units 


fy=time in convenient units (hours or per — 


cent) 

e=2.718 K =0.0865 

T.=maximum temperature of trapezoid in 
degrees centigrade 

T,=minimum temperature of trapezoid in 
degrees centigrade 

T=constant temperature of rectangle in 
degrees centigrade 


The aging units for all the sections of the 
curve are added, and equation 2 is applied 
to this sum for the total time involved. 
Solving for T gives the equivalent aging 
temperature for the curve. 

With K=0.0865 the aging units are 
doubled for an eight degrees centigrade in- 
crease in temperature. 
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Synopsis: In the search for means for 
measuring the properties of natural light- 
ning much can be learned from the evidence 
left at points struck by lightning. This 
paper deals principally with such evidence 
and the process of evaluating the character- 
istics of the lightning strokes responsible for 
the evidence. \ 

For six years a nickel-plated, 18-inch cop- 
Per sphere, 878 feet above the ground atop 
the WSM radiator at Nashville, had been 
collecting data in the form of holes and pits 
due to lightning strokes to the sphere. A 
total of 150 holes of varying sizes were 
found together with 300 pits. A laboratory 
setup was made consisting of the high- 
capacity impulse generator together with a 
d-c generator so arranged that the known 
characteristics of lightning with respect to 
the so-called continuing current could be 
duplicated. With this equipment holes 
having the same appearance could be pro- 
duced in copper sheets, and from the results 
of the test a calibration curve was produced. 
At the same time calibration curves were 
obtained for other metals in addition to 
copper. From these data an expectancy 
curve was obtained between coulombs and 
per cent of holes. The average hole corre- 
sponded to 15 coulombs while the maximum 
size hole corresponded to 240 coulombs. 

No satisfactory calibration was obtained 
for the pits, many of which no doubt were 
the result of high current peaks having a low 
coulomb content. 

It is interesting to learn that of the 150 
holes in the sphere 89 were found in the 
upper half and 61 in the lower half, with the 
great majority appearing in a six-inch belt 
around the seam at the sphere’s equator. 

The results of some laboratory high-cur- 
rent impulses on metal sheets are also shown, 
indicating pressure effects without appreci- 
able burning. 

A lightning stroke to a metal-roofed rural 
home is described, the largest hole in the 
roof indicating a charge of 210 coulombs. 
The home was not wired, but a part of the 
lightning discharge traveled a distance of 
162 feet to the wired house next door to punc- 
ture the cellar wall and contact the neutral 
ground rod driven in the cellar. Another 
channel was found extending to the base of 
the service pole where two ground rods were 
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charge of more than 240 coulombs with a — 


suggested peak current of the order of 
200,000 amperes. Although the struck 
home was quite badly damaged, there was 
no fire, nor was there any trouble with the 
electric equipment in the wired home. 

The results of this work indicate that 
sheet metal may be made to yield certain 
data of value with reference to lightning. 


IGHTNING strokes to objects on the 

earth have been characterized by 
two major effects'~4 one causing explo- 
sive effects5§ and the other often resulting 
in fire. In many cases both effects have 
been present. The explosive effects are 
now known to be due to sudden increases 
in current which may reach a crest of 
several thousand or even a hundred thou- 
sand amperes or more in a few millionths of 
a second, decaying to half of the crest 
value in a time of the order of 40 micro- 
seconds. It is the expansion effects in 
the air resulting from these rapid current 
changes which cause the thunder which 
we hear. The burning effects are the re- 
sult of the flow of current of relatively low 
magnitude of the general order of 200 or 
300 amperes’ for times which may be as 
long as 1.5 seconds, but on the average, 
persist for about 0.3 second or about 7,000 
times as long as the average time to half 
value of the current peak. Correlating 
photographic and oscillographic data for 
strokes to the Empire State building hav- 
ing a height of 1,275 feet, strokes began 
at the building in about 80 per cent of the 
cases. As the height of the earth object 
becomes less, the percentage of cloud-ini- 
tiated strokes increases. It is believed 
that for transmission-line heights the 
contacting strokes are always cloud ini- 
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tiated. Currents in  earth-initiated 
strokes measured at the earth end begin 
with a relatively small value of current— 
a few hundred amperes—which develop 
into a continuing current when contact 
is made with the cloud. Superimposed 
current peaks may develop later, with 
varying time intervals and magnitudes, 
all of these peaks being cloud-initiated 
just as in the case of the stroke to objects 
of ordinary height on the earth’s surface. 


Laboratory Lightning 


The impulsive nature of lightning 
strokes has been known for a long time, 
and it was natural to consider the cloud 
as one pole of a condenser and the earth 
as the other. Thus the laboratory light- 
ning maker noted the similarity between 
the discharge of a charged laboratory 
capacitor and natural lightning. It 
looked the same, and the sound effects 
were there also. Furthermore, wood 
could be blown apart as in nature, and 
many of the distance-time—voltage or cur- 
rent phenomena found in connection with 
the operation of outdoor circuits could be 
reproduced. And so with the develop- 
ment of the Marx-circuit impulse genera- 
tor and the cathode-ray oscillograph, 
data became available proving the similt- 
tude of the laboratory and the natural 
lightning as to the nature of the phe- 
nomena involved. 

The continuing part of the natural 
lightning stroke was not simulated, as its 
existence was not shown oscillographically 
until 1937. The lack of knowledge of this 
component explains the inability of in- 
vestigators to make the lightning fulgu- 
rites found in nature when discharging a 
lightning generator into wet sand. The 
impulsive nature of the current blew the 


Figure 1. Circuit to control duration and 
amplitude of long-duration low-current dis- 
charges, preceded by impulse current 
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driven. It was estimated that the discharge 
removed approximately 250 cubic feet of 
earth in its travel. Available data indicate 
the stroke was negative and had a total 
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Figure 2. Side view of lightning-damaged 

18-inch nickel-plated copper sphere installed 

for six years at top of WSM vertical radiator 
878 feet above ground 


sand out of the container, and it was not 
until currents of a few amperes were used, 
continuing for a second or so, that ful- 
gurites could be formed. 

The charge represented by the current 
peak is very small indeed. The average 
measured in natural lightning is only a 
fraction of a coulomb, whereas the charge 
represented by the continuing current 
may be of the order of 200 coulombs or 
more. Even very large impulse genera- 
tors with voltages suitable for general 
testing work will have a charge of con- 
siderably less than ten coulombs. It is 
clear, therefore, that to simulate the com- 
plete lightning stroke a generator of more 
than 20 times the present capacity is 
needed, and therefore it is necessary as an 
economic expedient to make use of gener- 
ators such as illustrated in Figure 1, where 
the discharge is initiated by a high capaci- 
tance generator, with a follow current 
supplied by a 500-volt d-c generator. 
Such an arrangement, though not suitable 
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for long arcs, was quite satisfactory for — 


the tests on metal sheets described in this 
paper. Modifications of this circuit have 
been used during other long-duration 
lightning current tests. More than one 
high current impulse may be superim- 
posed using a circuit of this general char- 
acter. 


Lightning Strokes to Sphere at WSM 


Our interest in the use of thin metal as 
a means of collecting lightning data was 
aroused when William Montgomery, Jr., 
engineer for WSM radio station of the 
National Life and Accident Insurance 
Company at Nashville, Tenn., sent us the 
sphere illustrated in Figure 2. This 
nickel-plated, 18-inch diameter sphere 
made of 19-mil copper had been in service 
at the top of WSM’s vertical radiator, 
878 feet in height, for a period of six 
years. During that time it was struck 
frequently by lightning and in the summer 
of 1937 was thrown to the ground during 
a lightning storm which damaged the 
tuning coil at the base of the tower as 
shown in Figure 3. The sphere was dam- 
aged in its fall on the reverse side but had 
been mounted in the position shown in 
Figure 2. 

The large number and varying size of 
holes and pits found indicated that the 
sphere could be made to tell a story about 
lightning strokes if a proper calibration 
for the holes could be found. The glob- 
ules of copper found around many of the 
holes indicated clearly that the holes were 


‘produced by continuing currents rather 


than by current peaks, which would have 
produced sufficient pressure in many cases 
to have blown the molten metal away. 

Tests were begun, therefore, with the 
circuit shown in Figure 1, using a variety 
of current and time values until the ap- 
pearance of the holes produced corre- 
sponded closely to those found on the 


Figure 3 (left). Tuning coil 
of WSM radiator damaged by 
lightning stroke 


Probable current crest 66,000 


amperes—positive polarity. 
5/s-inch (outside diameter) 
tubing. 40-mil wall 


Figure 4 (right). Sam- 
ples from d-c tests on 
20-milcoppersheets 
todeterminerelation 
between current am- 
plitude, length of 
application, and size 
mm of hole 
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Figure 5. Relation between coulombs in the 

arc and resultant area of holes burned in 

(A) 15-mil galvanized iron sheets, (B)-20-mil 
copper sheets 


Sheet positive, electrode negative polarity 


WSM sphere. A few of the test holes are 
reproduced in Figure 4. A calibration 
curve is shown in Figure 5 together with a 
similar curve for galvanized iron. All 
tests were made with the sheet positive, 
electrode negative. 

Using the calibration curve of Figure 
5 for nickel-plated copper sheets, the ex- 
perience curve for the entire sphere in 
terms of coulombs versus holes was ob- 
tained and is compared, in Figure 6, with 
the curve of strokes versus coulombs as 
obtained for the Empire State building. 
Considering the fact that the number of 
holes per stroke is not known in the case 
of the WSM sphere, the agreement seems 
quite good when it is remembered that 
in many cases there may be more than one 
hole per stroke. The Empire State build- 
ing data come from measurements of os- 
cillograms and are known to represent the 
complete stroke. Of course, the differ- 
ence in height and location no doubt has 
also had some effect on the recorded re- 
sults. 

It is a matter of considerable interest to 
note the number of holes in the sphere 
below its equator compared with those 
above. A curve similar to that of Figure 
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igure 6. Expectancy curves for coulombs 
conducted in lightning strokes 


200 240 


ms] 


A—Oscillographic measurement Empire State 
building 
8B—Heole calibration for WSM sphere 


6 for the upper and lower halves shows ten 
coulombs at the 80 per cent point for the 
upper half and five coulombs for the lower, 
while for values below 50 per cent the 
curve for the upper and lower halves is 
about equal to and practically coincides 
with that shown in Figure 5 for the whole 
sphere. The total number of holes in the 
upper half is 89 and in the lower is 61. 
Within a three-inch belt above the equa- 
tor, 44 holes were found, while in a similar 
zone below the equator, 41 holes were 
counted, with five holes in the seam 
around the equator. Thus, 60 per cent 
of the holes were located on 32 per cent 
of the total surface of the sphere. In 
view of the distance to the cloud, the 
field surrounding the sphere is quite uni- 
form except for the effect of its support 
which would lead one to expect a shielded 
zone near the point of attachment, and 
this is just what was found. If the 


EE 


strokes represented by the holes were all 
initiated by the tower, one would expect 
streamers to be formed as the cloud field 
became more intense from all over the 
sphere’s surface except close to the point 
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Figure 8. 265,000-ampere negative-polarity 
discharge through 10-mil plain copper sheet 


Side away from arc. Sheet used as one 
electrode 


of support. Chance conditions of ioniza- 
tion in the atmosphere probably have 
considerable effect in determining which of 
the streamers from the sphere will develop 
into the stroke. : 

It is quite likely also that the seam 
around the equator had a considerable 
effect in promoting the formation of 
streamers at the time of astroke. Drops 
of rain water, particularly at the seam 
may have added to this effect. The top 
of the sphere was apparently shielded to 
some extent by a probable extension of 
the sphere support above the top of the 


Figure 7 (left below). 40,000-ampere nega- 
tive-polarity discharge through _ five-mil 
nickel-plated copper sheet 


Side-facing arc. 
# Small holes or burns 
numbers 1 to 5, 
sheet used as one 
electrode. Large 
holes numbers 6 to 
9, sheet mounted 
| between electrodes 


Figure 9 (right). 
Holes burned by rel- 
atively low - current 
long-time laboratory 
discharges 


Top, #/s-inch steel 
plate. Bottom, 
0.015-inch — galva- 
nized tin. Side facing } 

electrode 
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Figure 10. Exterior view of Amherst house 
struck by lightning 


(A) Position of chimney. (B) Location of 
large hole. (C) Location of several small holes 


sphere. The details of the attachment 
are not known. 

Three hundred pits were found, many 
of these being accounted for as direct 
strokes having relatively high current 
magnitude, but having a low coulomb 
content (two coulombs or less). It does 
not appear to be possible to draw any 
definite conclusion concerning these pits 
in terms of current magnitude. It is 
possible, of course, that some of them are 
part of strokes which burned holes, and, 
if so, the effect on the calibration of holes 
in terms of strokes would be small on ac- 
count of the small coulomb content. 

In considering the interpretation to be 
put upon the results obtained by this 
sphere, it should be recorded that the 
number of separate strokes is not known, 
although Mr. Montgomery believes, based 
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Figure 11. Damage to cement basement wall 
of A. T. Rouleau house, August 4, 1939, 
caused by lightning which came in across 


ground surface from nearby Joslyn house 
which was struck directly | 


Pelham Road near Amherst, Mass. 


on his records, that 24 direct hits is a 
reasonable number to use. It is probable 
that this number is too low. With 150 
holes, and assuming equal distribution of 
holes for all strokes, one arrives at seven 
holes per stroke which, from Figure 6, 
would indicate an average coulomb value 
of 7X14=98 coulombs, which is prob- 
ably much too high, although the maxi- 
mum hole indicates 240 coulombs. It 
must also be recognized that more than 
one stroke could contribute to the same 
hole as well as the same stroke making 
several holes. 

At WSM, magnetic links had been in- 
stalled on the antenna lead-in and guy 
wires at the time the sphere came down 
and the tuning coil of Figure 3 was 
damaged, which indicated a current of 
+66,000 amperes in the antenna lead-in 
and +6,400 amperes in two of the guy 
wires and a total of —73,000 amperes in 
six other guy wires. This record may 
cover more than one stroke, but it does 
indicate the highest currents recorded. 
It is interesting to point out that the most 
severe current peak measured with the 
cathode-ray oscillograph at the Empire 
State building? had a crest current of 
58,000 amperes, contained 4.9 coulombs 
to half current value, and was positive. 
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Tests made in the laboratory on tubing 
similar to that of the tuning coil shown in 
Figure 3 indicate that the turns of the coil 
begin to pull together at a current crest 
of 75,000 amperes. The copper tubing 
itself begins to flatten at around 118,000 
amperes. The difference between the ef- 
fects of laboratory current amplitudes and 
the 66,000 amperes measured in the ac- 
tual stroke is probably due to different 
wave shape, as well as the fact that two 
concentric coils were involved in the ac- 
tual stroke. Furthermore, the heavy dis- 
charge current may have been preceded 
by a high coulomb-long duration dis- 
charge heating the copper tubing suf- 
ficiently to produce crushing at much 
lower crest currents. The laboratory cur- 
rent waves were oscillatory waves of 86 
microseconds period with the initial peak 
of negative polarity. The tuning coil 
consisted of 5/s-inch outside diameter 
tubing with 40-mil wall thickness. 


Lightning Strokes to WGY 


In 1938 a 20-mil chromium-plated cop- 
per cylinder was mounted on top of the 
then new WGY 6385-foot radiator at 
Schenectady. The top of the cylinder 
was closed with a hemisphere of the same 
metal and thickness. When this was re- 
moved for examination in 1941, seven 
holes and several hundred small pits were 
found. The radiator was known to have 
been struck three times, the magnetic 
links showing —3,000, —7,800, and 
— 30,000 amperes. 

Of the seven holes, six were located in 
the 12-inch diameter hemisphere, mostly 
in the upper part, but none at the highest 
point of the sphere as installed. The cy- 
lindrical portion had a height of 14 inches, 
and one hole was found six inches from its 
lower edge. The pits were most numerous 


Figure 12. _—_ Light- 
ning damage at W. © 
Me H. Joslyn house, ~\ 


August 4, 1939. 
Pelham Road near | 
Amherst, Mass. 


» Furrow. in 


as it left Joslyn 
house and headed aX 
toward neighboring | 1 

Rouleau home 


Figure 13. Destruc- Seg 
tion of pine tree by 
lightning discharge 
‘Top of tree blown = 
off by high current & 
' peak. Stump burned 
by continuing dis- § 
charge 
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in the area above a line nine inches from _ 


the bottom of the cylinder. Twenty-nine 


of the pits had an appearance similar to- e 


that obtained from high-current labora- 
tory discharges of one or two coulombs. 


Concerning the Holes Burned 


With reference to the appearance and 
size of holes some comment is desirable. 
While the WSM sphere showed some very 
small holes—as small as three square 
millimeters—such small holes could not 
be produced in the laboratory in copper 
sheets. The smallest hole obtained had 
an area of 28 square millimeters. How- 
ever, in galvanized iron sheets, holes as 
small as 1.5 square millimeters could be 
produced, 

This effect has been attributed to the 
close proximity (!/, to 1/2 inch) of elec- 
trode to the sheets under test. A tapered 
carbon electrode was used to avoid the ef- 
fect of the metal of the electrode on the 
calibration. Although the electrode be- 
gins to glow at 60 coulombs, very little 
gas is given off. Brass electrodes were 
tried but consistent results were not ob- 
tained. 

It is expected that the only difference 
to be obtained from a longer are would be 
the possibility of forming smaller holes in 
copper sheets. Within the range investi- 
gated—spacing !/, inch to !/2 inch—the 
character of the holes is not changed, in- 
dicating that the electrode effect is not ap- 
preciable. The close proximity of the 
electrode possibly has the effect of spread- 
ing the core of the arc wider than would 
be the case in a lightning stroke. How- 


ever, the holes produced showed the same 
characteristics as those produced by natu- 
ral lightning as evidenced on the WSM 
sphere. 

The tests on metal sheets up to 100- 
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mil thickness indicate the following rela- 


tions: 


G 


AY Baie : 
C=5xi (t=0 to 35 mils) 


eee (t=35 to 150 mils) 
245 


where 


C= coulombs 
A =area of hole in square millimeters 
t=thickness of sheet in mils 


Such equations are reasonably accurate 
for copper and galvanized iron and may 
be used to estimate the coulombs in a 
given lightning stroke. The use of the 
curves of Figure 5 for the individual metal 
is more accurate, but tests of this nature 
do not permit close calibration, the varia- 
tion from the curves shown in Figure 5 
being as much as 40 per cent for some in- 
dividual points. 

That the hole burning is a function of 
coulombs rather than 7°¢ has been verified 
by the fact that equal holes are burned 
when equal coulombs in the arc are pro- 
duced with widely different current ampli- 
tudes. The test currents ranged from 50 
amperes to 600 amperes, which is in the 
range of natural lightning continuing dis- 
charges. Tests at high currents with high 
coulomb values have not been made, but 
the calibration data given in Figure 5 
should not be used for high currents. Bel- 
laschi? similarly showed that burning of 
solid heavy electrodes is dependent upon 
coulombs. 

In Figure 7 are shown holes burned in a 
five-mil, nickel-plated copper sheet with 
discharge currents of 40,000 amperes 
crest. The small holes and burns num- 
bered 1-5 were produced with the sheet 
grounded. The larger holes 6-9 were ob- 
tained with the sheet midway between 
the line electrode and the ground elec- 
trode. The jagged character of the holes 
is apparent, especially in number 9 where 
the electrode distance was increased from 
5/1, to 2/, inches. There is no evidence 
of the copper beads lining the hole as is 
observed on the sphere and the corre- 
sponding test sheets. As the current am- 
plitude is increased, the explosive effect 
is increased as shown in Figure 8, which 
gives the effect of a 265,000 ampere 30- 
coulomb discharge to a grounded copper 
sheet of ten-mil thickness. The same im- 
pulse applied to a 25-mil copper sheet did 
not rupture it but did produce a large 
dent in its surface. On the other hand, a 
25,000-ampere one- to two-coulomb dis- 
charge will form a bright bead on a 20-mil 
copper sheet but will not puncture the 
sheet. In the explosive type or high cur- 
rent discharge many factors have to be 
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_ weighed besides current amplitude, while 


the charge in the long-duration low-cur- 
rent continuous discharge can be com- 
puted with fair accuracy. ; 

The tests indicate a possible source of 
fire with thin metal-roofed buildings, if 
inflammable material is close to the metal 
or in such position that molten metal 
may drop on combustible materials. If 
thin metals are to be used for covering, 
then elevated air terminals should be 
used to keep the are away from the build- 
ing and a suitable path to ground pro- 
vided to prevent damage at joints in the 
metal structure. 


Tests on Steel Plate 


In view of possible lightning strokes to 
metal containers of explosive gases of 
liquids, tests were made with the equip- 
ment shown in Figure 1 with the following 
result. A */s-inch steel plate was tested 
with 430 coulombs in the are. Results 
of such tests are shown in Figure 9. The 
plate could not be punctured but a crater- 
like hole was formed of */;s5-inch depth and 
180 square millimeters area. To punc- 
ture such a plate several thousand cou- 
lombs would be required. 


Lightning Stroke to Home 


Of the many lightning damage cases 
which the authors have investigated, that 
which occurred near Amherst, Mass., dur- 
ing the summer of 1939 is perhaps one of 
the most interesting. Lightning struck 
the home shown in Figure 10, resulting 
in the external damage shown. The upper 
portion of the chimney had been elimi- 
nated, and the chimney was cracked 
throughout its length. A hole having an 
area of 345 square millimeters was found 
in the 15-mil galvanized-iron shingle roof 
at a point about three feet from the chim- 
ney and in the direction of the damaged 
corner of the building shown in Figure 10. 
Several small holes were found in a 
shingle, which apparently had been lo- 
cated at the corner of the roof above the 
damaged corner. No evidence of fire 
could be found anywhere, although in the 
kitchen there was a considerable burn be- 
tween a sink and a nearby pipe, which 
had a combined effective resistance to 
ground of 47 ohms. This was the only 
ground in this house. There was also 
considerable burning between the cover 
of an ice box and the zinc lining. Nearly 
all of the windows on the ground floor 
were blown outward, showing the high 
pressure developed within the house. 
Two persons were in the house, one up- 
stairs to the right of the chimney, and the 
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other in the kitchen to the left of the door 
shown in Figure 10. Neither was hurt. 

There was no wiring of any sort in this 
home. In Figure 11 is shown another 
home, 155 feet away, which had a three- 
wire service with the usual appliances 
connected. In the cellar was a driven 
ground of 430 ohms. In addition, two 
grounds having a combined resistance of 
215 ohms were driven at the service pole 
located 110 feet from the house of Figure 
10, and 80 feet from the house of Figure 
11. A portion of the path of the lightning 
discharge is shown in Figure 12. At the 
point illustrated the channel in the earth 
was about three feet in width and about 
15 inches in depth. It continued with 
two-foot width and about the same depth 
for a distance of 74 feet where it split into 
two parts, one to continue 88 feet to the 
ground rod in the cellar of the house of 
Figure 11, and the other to travel 81 feet 
to the ground rods driven at the base of 
the service pole. The electric equipment 
in the wired house was in operating condi- 
tion after the storm, although the cellar 
windows were blown out as the result of 
the pressure developed in the spark to the 
driven ground rod inside close to the cellar 
wall. 


From magnetic effects observed, it was 
concluded that the current in the neutral 
wire was of the order of 30,000 amperes of 
a slow rate of rise and indicated a nega- 
tive-polarity stroke to the unwired house 
of Figure 10. A calibration of the shingle 
burns indicates a coulomb value of 210 
for the larger burn and 30 coulombs for 
the smaller burns. 

In reconstructing what happened, it is 
probable that the stroke was negative, 
beginning with a current peak of the order 
of 200,000 amperes, followed by a con- 
tinuing current having a coulomb value 
of 240. The physical damage seen in 
Figures 10 and 12 resulted from the high 
current peak. After the chimney ex- 
ploded, apparently the path shifted to the 
burned points found on the roof. With 
the high coulomb value of the continuing 
current, one would have expected a fire to 
ensue, but no evidence of this could be 
found, indicating that the inflammability 
of the various paths was such as not to 
cause fire. 

This case is given here, because some 
knowledge exists as to the magnitude of 
the lightning current which caused the 
damage observed. This again illustrates 
what may happen when good grounds are 
not available when lightning strikes. 

The pine tree shown in Figure 13 is 
mute evidence of the same type of light- 
ning discharge just described. This,tree 
struck by lightning exploded a few feet 
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Abnormal Currents in Distribution 
Transformers Due to Lightning 
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Synopsis: Abnormal currents in distribu- 
tion transformers due to lightning are 
analyzed both theoretically and from field 
experiences. Under certain conditions of 
direct stroke transferred through the ar- 
rester to the neutral of the secondary wind- 
ing, excessive currents may wreck the 
secondary windings by electromagnetic 
forces. Long-duration surges, or shorter 
repeated surges, saturate the transformer 
cores producing greatly increased surge cur- 
rents in the primary windings which in- 
fluence fuse failures. The saturation of the 
cores by unidirectional lightning surges also 
brings about increased power-frequency mag- 
netizing currents influencing sectionalizing- 
fuse and circuit-breaker operations. 


GREAT deal of research has been 

done and many papers have been 
written dealing with the problems of over- 
voltages under lightning conditions. It 
has been assumed generally that, because 
of the relatively high inductance of trans- 
former windings, very little lightning cur- 
rent builds up within them. There are, 
however, certain conditions under which 
the lightning current may enter the sec- 
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ondary windings of grounded-neutral dis- 
tribution transformers and rise to such 
magnitudes as to develop electromag- 
netic forces sufficient to destroy that 
winding by mechanical stress. Also, for 
long-duration single or multiple lightning 
surges enough current builds up through 
the primary winding to saturate the core; 
and the consequent rate of increase of cur- 
rent in the winding becomes more rapid, 
and the current is finally limited only by 
the d-c resistance of the primary winding. 
These latter currents are generally in- 
sufficient to damage the winding, but they 
are important in the determination of fuse 
failures! and _ sectionalizing operation 
under lightning conditions. 

Another source of abnormal trans- 
former currents is that of large magne- 
tizing inrush currents brought about by 
surge conditions, which will be primarily 
important. in the operation of fuses or 
breakers. These various phenomena of 
abnormal transformer currents are dis- 
cussed further in this paper, with special 
reference to distribution transformers 
on rural lines. 


Direct-Stroke Lightning Currents 
in the Secondary Windings 


Under certain circumstances of direct 
lightning strokes to the primary line, very 
large currents may go through the second- 
ary winding when the lightning arrester 
functions to protect the primary. Oc- 
casionally the effect of such currents is 
completely to disrupt the windings, as 


shown in Figure 1. There is no 
present protection scheme in use which 
protects against such conditions. The 
transformer was connected as shown in 
Figure 2. The lightning arrester effec- 
tively by-passed to the ground lead the re- 
sulting current from a direct stroke to the 
line, and the primary winding was per- 
fectly protected, as determined by subse- 
quent test. The voltage of the secondary 
wires rose, together with that of the trans- 
former case, to the value of the surge-im- 
pedance drop of the grounding wire im- 
pedance and ground resistance, and an- 
other flashover to ground occurred, this 
time on the customer’s premises. Current 
in the two wires on each side of the 
grounded neutral to the customer ground 
fault went through the secondary wind- 
ing. Since the current went from the 
transformer case at raised potential into 
the neutral connection of the transformer 
coil, and from there into the winding 
halves in opposite directions, the mag- 
netic fields of the two halves of the second- 
ary winding canceled out to a high degree, 
because of the close coupling. The leak- 
age-reactance drop and also the resistance 
drop were not sufficient to flash over the 
bushing or the normal shunt safety gaps 
in use. Thus the current continued to go 
into the secondary coil sections in oppos- 
ing directions; the extreme resulting 
mechanical forces due to electromagnetic 
reaction distended the secondary wind- 
ing, as shown at X in Figure 1, and ac- 
tually cut several turns in two by jamming 
them against the core laminations. 


Such conditions to a greater or lesser 
extent, must occur in almost every case of 
a direct stroke to line near a transformer 
installation. The paths for the lightning 
current through the transformer second- 
aries are indicated by arrows in Figure 2. 
The relative amount of current going into 
the windings varies with the relative 
ground resistances; in this case it was 
probably of the order of 20,000 amperes 


above the ground. Examination of the 
upper portion of the tree and the debris 
scattered over a considerable area showed 
no signs of burning; yet the stump was 
on fire when the owner of the land ran to 
the point where he saw the lightning 
strike. Evidently this stroke also began 
with a high current peak blowing the tree 
apart. The stroke persisted as a continu- 
ing current to the stump of the tree, which 
was still grounded, setting it afire. This 
was going on while the tree and the debris 
were in the air. 

The data which have been collected 
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thus far seem to indicate that the use of 
thin metal surfaces makes a fairly satis- 
factory means for collecting data with re- 
spect to the number of coulombs con- 
tained in natural lightning strokes, ex- 
cluding the effects of the high current 
peaks which may be present. 
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in each transformer section, but in most 
cases the current is apparently low enough 
to be harmless. 

Insufficient field data are available on 
the frequency of such failures, and there- 
fore it is uncertain whether protection 
against such faults is economically feas- 
ible. Also, it is beyond the scope of this 
) paper to consider protective means be- 


yond mentioning a few obvious measures 
- such as: 


1. Reduction of arrester ground resistance 
to a value considerably less than the custo- 
mer’s ground, although the customer’s 
ground must also be kept low for his safety. 


2. Application of very low breakdown- 

value protectors across the secondary bush- 

ings. 

8. Placing of small reactors in the trans- 
former secondary leads inside the tank, 


_ which will cause the bushing gaps to flash 
over and protect the secondary winding. 


4. Placing the two secondary leads inside 
a waterproof metallic cable, the metallic 
covering of the cable serving as the neutral 
lead grounded to the case, and also serving 
as a supplement to the arrester ground when 
the cable is run underground to the custo- 
mer. 


Primary Winding Currents Under 
Long-Duration Surge Conditions 


Very little surge current is built up in 
the primary winding until the transformer 
core reaches saturation, when the effective 
primary-winding inductance drops 
sharply; short-duration surges do not 


Figure 1. Showing the effect at X of electro- 

magnetic stresses caused by lightning currents 

entering the secondary sections of a distri- 

bution-type transformer at the neutral-wire 
connection 


Avucust 1942, Vov. 61 


produce saturation. Long-duration or 
repeated surges equivalent to long surges 
can build up considerable currents, often 
sufficient to blow the usual primary pro- 
tective fuse. The determining factors in 
this saturation phenomenon can be more 
readily analyzed by taking a specific field 
example of a 7,200-volt rural distribution 
system feeding a network of three-kva 
transformers, shown in Figure 3, 

There are two possible conditions under 
which long surge waves may be present on 
the system. The arresters on the system 
may be functioning and, if they are of the 
conventional type, they will limit the peak 
voltage to about 55 kv, but this will drop 
at a slower rate than the incident wave; 
thus, in effect, producing a lengthened 
surge. On the other hand, especially in 
the case of repeated discharges, long 
surges may be present on the system with- 
out any arresters functioning on some of 
the later of the repeated discharges which 
may have dropped to below the break- 
down point of the arrester. In the latter 
case the duration of the surge is influenced 
by the discharge path both from cloud 
to ground and within the cloud itself. 
Recent investigations”? show such waves 
may be from 1,000 to 20,000 microseconds 
duration. A border-line case which would 
fit the above conditions of the arresters 
functioning or not functioning could be 
represented on the particular 7,200-volt 
line by a surge expressed as 


e= E,e~™ = 55,000€- °™ 


This expression corresponds to a wave 
having a crest value of 55 kv and dropping 
exponentially to half value in about 2,500 
microseconds. It will be noted that the 
second term of the more general ex- 
pression for a surge, e=kE(e “—e"), 
which is omitted, represents the rate of 
rise of the front of the wave. The dura- 


Figure 2. Schematic diagram 
of a typical rural-distribution- 
transformer connection with ar- 
rows indicating how the light- 
ning current may penetrate the 
transformer secondaries 
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tion of the ‘‘front’’ of the wave is so short 
in relation to the very long duration of the 
“tail” of the wave that it plays little im- 
portance in the determination of the final 
current through the winding; and there- 
fore, the corresponding term is left off to 
simplify the mathematical presentation. 

This surge wave is so long relative to 
the time of travel along the entire trans- 
mission line that the same potential can 
be considered applied at all the trans- 
former installations, and the surge im- 
pedance of the line can be considered a 
negligible factor. This becomes clear 
when it is considered that the length of 
the wave of 2,500 microseconds corre- 
sponds to a time such a wave could travel 
475 miles, or would travel back and forth 
in successive reflections on an average 50- 
mile rural system about ten times while 
dropping to half value. Hence the con- 
ditions can be considered essentially the 
same at each of the distribution trans- 
formers and may be schematically repre- 
sented as shown in Figure 4. 

The curves C and F, Figure 4, show the 
resulting current rise in the primary wind- 
ing with the surge occurring at different 
points C’ and F’ on the normal 60-cycle 
wave, shown in Figure 5. The current 
begins to be appreciable only as the trans- 
former core saturates. The hysteresis 
loop A-B-C-D-E-F-G in Figure 5 gives the 
normal variation of B-H as the transfor- 
mer core changes its values of B to pro- 
duce the equal but opposite sinusoidal 
electromotive force, i1R+N(d®/dt)-10-8, 
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LOCATIONS OF BLOWN FUSES ARE MARKED "X"”. 


Figure 3. Typical 7,200-volt rural single- 

phase section in which fuse failures were 

caused by lightning current penetrating the 

primary windings of the distribution trans- 
formers 


which balances the applied electromo- 
tive force, E, sin wt. The B and elec- 
tromotive force relationships are indi- 
cated in dashed lines on Figure 5, from 
which it is clear that a surge impressed at 
C’ on the 60-cycle voltage wave conforms 
to C or maximum flux value, on the hys- 
teresis loop, will cause a maximum flux in- 
crease along S; and, therefore, will result 
in the shortest time to core saturation. 
Similarly a surge at point F’ on the 60-cycle 
wave would result in the longest time to 
saturation. The calculation of the growth 
of current must take into account these 
various states of magnetization of the 
core; and because the B-H curves cannot 
be expressed mathematically by a simple 
equation, the fundamental equations 
must be solved graphically or in a step-by- 
step manner, as given in the appendix. 
From these calculations and the resulting 


R R - 
LG) Q C= Em sn(wt +0) + E,€ 


F 
n 
ir @-4r 
Ww 
a 
= 
Bo § 
| 
e 
4 
Ww 
a 
x 
=| 
oO 
1 3s 
1000 1500 2000 
TIME— MICROSECONDS 
Figure 4. Initial current rise in a distribution- 


transformer primary due to lightning surges 
incident at different points on the normal 
power-frequency cycle 
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Figure 5. Magnetization curve 
for the core of the typical dis- 


tribution transformer 


The dashed lines indicate rela- 


tive flux-voltage relations under 


normal operation 


4000 


-4000 


—8000 


-12,000 


curves of Figure 4, it is clear that the time 
denoted by #, elapsing before the core sat- 
urates and appreciable currents can de- 
velop varies with the point of surge inci- 
dence on the 60-cycle wave and lies in the 
range ¢, = 1,100 +600 microseconds. 

The above range of ¢, was determined 
for one specific 7,200-volt transformer of 
three-kilovolt-ampere rating. It follows, 
however, from the calculations (see ap- 
pendix) that the time ¢, is independent of 
the transformer kilovolt-ampere rating 
and of -the voltage rating of the trans- 
former, so long as the ratio of its voltage 
to the surge voltage remains the same. It 
also follows, from the calculations and the 
curves of Figure 5, that for the larger 
values of current as the core saturates, the 
relation of B to H increments or AB/AH 
becomes a constant, and the problem 
may be solved as with constant param- 
eters. The relation for the current due 
to a surge potential e=H,e—”, may be 
written as 


Es 
R-aL 


i= ee Se ea ih 

where L is the inductance of the circuit 
with the core saturated, ¢, is 1,100 +600 
microseconds, depending on the point of 
surge incidence on the power frequency 
cycle; the values of i up to t=¢, being 
relatively small and considered zero. 

The derived simplified equation lends 
itself readily to the examination of pos- 
sible currents flowing into various trans- 
formers having different impedance char- 


acteristics. Thus, Figure 6 shows pos- 
sible currents due to the surge alone flow- 
ing into two transformers of different im- 
pedances but of the same kilovolt-am- 
pere and kilovolt ratings. These currents 


are of sufficient magnitude to cause the 


protective fuses in the transformer-pri- 
mary-circuit leads to fail, as was proven 
by instances of fuse failures on wnener- 
gized lines under lightning conditions. 
Conclusive evidence that the relative cur- 
rents are as calculated is given by the field 
case summarized in Figure 3, where every 
fuse failed at a 2.3 per cent impedance 
transformer but where none failed at any 
of the higher impedance transformers. 
The greater current associated with the 
lower impedance transformer, as shown 
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Figure 6. Incident surge wave and resulting 

current in the primary windings of three- 

kilovolt-ampere, 7,200-volt distribution trans- 

formers having per cent impedance values 
as marked on the curves 
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itis 


in Figure 6, accounts for the selective 
action noted, The solution of the fuse- 


- failure problem is definitely not, however, 
_ the use of high-impedance transformers. 


In this particular case all of the fuses were 
of the same rating; and none failed on the 
high-impedance transformers, because 
“these transformers were overfused rela- 


_ tive to their impedance and, therefore, 


were actually unprotected against normal 
overloads. 


Conclusion 


Direct lightning strokes may cause very 
large currents to penetrate the secondary 
windings of distribution transformers with 
destructive effects, even though the pri- 
maries are perfectly protected. It is im- 
portant, therefore, to determine the ac- 
tual extent and frequency of occurrence of 
this type of failure in practice. 


Long-duration surges cause relatively 
large currents to build up also in the pri- 
mary windings of distribution transform- 
ers, as analyzed in this paper. Field ex- 
perience with fuse failures and laboratory 
research by the writers with simulated 
surge conditions, have checked the valid- 
ity of the analytical appreach. Oscillo- 
graphic records obtained in this research 
agree closely with Figure 6. Conclusions 
on the effect of variations of incidence of 
a surge on the 60-cycle wave follow readily 
and accurately from the detailed analysis 
in the appendix and elsewhere in this 
paper. Published experiments by Berg- 
vall and Beck‘ with direct currents equiva- 
lent to long-duration surges applied to 
transformers are also in reasonable agree- 
ment. 


The calculations of Table I in the ap- 


Table I. 


pendix, extended over a number of cycles, 
show that even after the surge voltage 
has completely disappeared a high mag- 
netizing current transient results, due to 
the high degree of saturation in the core. 
Reference to equation 5 in the appendix 
shows that the flux increment, due to a 
small surge incident on the transformer 
60-cycle wave at a point corresponding to 
low core flux value, may be written 


since iR would then be negligible during 
the surge-incidence time. The total flux 
increment due to a surge Eye” would be 


8 wBm 


Bm a -atgy OBE 
pre 


aEm 


It follows, therefore, that every surge, no 
matter how small, would cause a certain 
shift in flux and would produce a mag- 
netizing transient. These transients, al- 
though usually more severe, are of the 
same character as the magnetizing in- 
rush currents experienced when energiz- 
ing a transformer at certain points on a 
60-cycle wave. This fact is of impor- 
tance in examining possible faulty opera- 
tion of fuses and breakers. An interesting 
proof that such “‘induced’’ magnetizing 
inrush currents may cause faulty fuse 
and breaker operation is given by cases of 
recent outages during periods of severe 
sun-spot activity which resulted in long- 
duration relatively constant voltages 
across the transformers, which although 
quite different in magnitude were com- 
parable in effect to long-duration repeated 
lightning surges. 

Although complete protection methods 
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posed at the 180-Degree Point of the Normal Power-Frequency Cycle 
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have been developed, further researches 
and field studies are necessary to deter- 
mine the frequency of occurrence of these 
problems in actual practice. 


Appendix. Solution for Current 

in Transformer Due to Lightning 

Surge Superposed on the Normal 
Power Cycle 


The fundamental relationship for the 
transformer with a total voltage e across it, 
composed of the normal operating voltage 
Em sin wt and a superposed surge voltage 
E,e~ may be written as 


e=Em sin (wi-+-6)+H,e-% 
= N(do/dt) X 10-8+iR 
= A(dB/dt)+iR (1) 


where ¢ represents the total value of the 
flux linking the primary winding, including 
the air space around the core, that is, the 
leakage inductance L(di/dt) drop. This 
leakage inductance is introduced in the cal- 
culation by choosing the graph correspond- 
ing to the proper value of K in Figure 5, 
the value of K being equal to the ratio of 
total leakage flux (excluding the contribu- 
tion of the core) to the leakage flux which 
would be obtained in the space occupied by 
the core. External inductance of transmis- 
sion lines, and so forth, can also be included 
in determining the value of K, as suggested 
by Steinmetz® in solving the somewhat 
similar problem of determining magnetizing 
inrush current. The value of the constant 
A can be determined from the physical 
characteristics of the winding or from the 
known maximum flux density under normal 
operating voltage conditions. Neglecting 
the 7R term for normal magnetizing cur- 
rents, and for normal steady-state condi- 
tions 


E,, sin wt = A(dB/dt) 
from which 
dB=(E,/A) sin wtdt (2) 


B=(E,/A)S sin wtdt =(—Em/A) cos wt 
Bm = Em/wA 


and hence, 

A = E,/wBm (3) 
Thus, substituting this value of A in equa- 
tion 1 for surge conditions 


e=Em sin (wt+6)+E,e~™ 
=(E,,/wB,)(dB/dt)+1R (4) 


4 
0.9418 


[0.9139 


=0.0286| 
=0,0279 


0.8869|-0.0270 


0.8607 


-0,0262 


0.8353 |-0,0254| 


0.8106 |-0,0247 


0.7867 |-0.0239 


0,7634}-0,02 33 


0.7 408}-0.0226 


hae | 
0.7280 


-20!17 0.5488 


——+— 


0.4257 0.4066 


0.0628 0.3012 


* Complete saturation of iron in core, beyond whichAB= KAH. 


** Values beyond B-H curve obtained from 44=0.01AH=0.014B/K. 
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For a solution of equation 4, dB/dt may be 
written in finite increment form AB/At, 


giving 
AB =(wBm/Em)(e—tR) At (5) 


The values of the total potential e com- 
posed of E» sin (wt+6) and E,e~™ in equa- 
tion 5 must be the average values over the 
interval At. To avoid the approximation of 
finding the average, Em sin (wt+0)dt may 
be written as —d[(Em/w) cos (wt+é)], and 

—at - 
E,e-“dt as ~al 2 | so that, in substitut- 


a 
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ing increments for the differentials, equation 
5 may be written as 


AB=~—B,,, A cos (wt-+6) — 


EsBm , at _*RoBm At (6) 
aEm Jah 


The values of 7 remain to be averaged over 
the interval At, so that, where variations of 
4 are rapid, it may be necessary to use shorter 
intervals of t. The values of AB are added 
to the preceding values to give the total B, 
and the corresponding values of 7 are deter- 
mined from the B-H curve of Figure 5 in 
the step-by-step manner indicated in Table 
I. The relation of ¢ to H depends upon the 
number of turns in the winding, NV, and the 
mean length of the magnetic path, /; 


(7) 


For a typical three-kilovolt-ampere, 7,200- 
volt distribution transformer it was found 
that for E;=55 kv, as shown for the surge 
e=E,e-”, and for the actual constants as 
determined from the transformer of By, = 
10,000 and FE», =7,200 »+/2 or 10,200 volts, 
and R=280 ohms, equation 6 for AB could 
be expressed with convenient coefficients for 
step-by-step calculations, to within two to 
three per cent probable error, as 


AB = —10,000A cos (0.000377¢+6) — 
67,700 Ae—% 008 _Q.17At (8) 


with¢and Af expressed in microseconds, and 
where, for the particular transformer ]=32 
inches and N=6,240 turns, the values of 2 
are given by 


¢~0.01H (9) 


with H corresponding to the various values 
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of B determined for the proper value of K 
(in this case K =3) from Figure 5. 

The initial value of B in Table I is taken 
as that corresponding to the point on the 
normal 60-cycle voltage wave at which the 
surgeisincident. The particular value taken 
in the given tabulation is that value nearest 
saturation, or with an initial value of 
B=B,,=10,000, corresponding to the in- 
cidence of the surge at the zero point C’ 
on the 60-cycle wave, or where 0=7 in 
equation 6. It is clear from the tabulation 
and from the corresponding plotted curve in 
Figure 4, that the values of current are 
relatively small until the time when the 
core is very near the saturation point, or 
until t,=500 microseconds in this case. 
Similar calculations for a point of incidence 
of the surge corresponding to @=0 in equa- 
tion 6 and to F’ in Figure 5 gives, for the 
equivalent time to saturation f,, the value 
of 1,700 microseconds. Thus the time 
elapsing before the core saturates and ap- 
preciable currents can develop varies with 
the point of surge incidence on the normal 
voltage wave, and for the given ratio of 


55,000. >. 
G/in= 10,200 lies in the range 
t,=1,100 +600 microseconds (10) 


The above value of f, was determined for 
one specific 7,200-volt transformer of three- 
kva rating. It is of interest to refer back 
to equation 6 from which it will be noted 
that while 7 is still small, that is, before t= 
t,, the values of AB due to the surge voltage 
are proportional to (E;/Em). This pro- 
portionality means that for the same ratio 
of surge voltage to line voltage the values of 
t,=1,100+600 microseconds will hold 
closely, irrespective of the transformer rat- 
ing, and will vary only in response to 
(E;/E,»). Thus, since there is a fairly well- 


‘ 


established ratio of allowable surge voltage 
to 60-cycle voltage on distribution lines 
the values for ¢, are valid for all distribution 
transformers, irrespective of kilovolt and 
kilovolt-ampere ratings. 

Another interesting development which 
follows upon examination of Table I and 
Figure 5 is that, as the core saturates the 
relation (AB/ AH) becomes a constant and 
the problem may be solved approximately 
with equivalent parameters. If one neglects 
the much smaller component of the 60-cycle 
voltage effective under the surge conditions 
of saturation, the current due to a surge 
potential e=,—-“ may then be found from, 
oe [ena — (B/E) (t-to) | (11) 
R—-aL 


where L is the inductance of the circuit 
with the core saturated, t, is 1,100+600 
microseconds dependent on the point of 
surge incidence on the 60-cycle wave, and 
the values of 7 up to t=t,, being small, may 
be neglected. 
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Synopsis: Electronic devices are used ex- 
tensively for switching, relaying, welding, 
and similar service resulting in intermittent 
loads. In the paper methods for assigning 
standard ratings suitable.for such intermit- 
tent loads are investigated, both for single- 
anode tubes and tube circuit combinations. 
Vapor-filled tubes with oxide-coated fila- 
ments are treated somewhat in detail in 
order to develop the basic considerations. 
Other types of tubes, such as the pool-type 
and cold-cathode, are only briefly discussed. 
A method of rating which seems generally 
applicable is proposed, with the suggestion 
that its suitability for the great variety of 
conditions encountered be further investi- 
gated. 


HE assignment of ratings especially 

suited for intermittent service is de- 
sirable, if it results in more economic use 
of devices than the present practice of 
assigning continuous ratings. The sub- 
ject is of particular importance in con- 
nection with tubes, because they are used 
so extensively for intermittent operations 
such as switching, relaying, signaling, 
spot-welding, and so forth. It is in- 
tended in this paper to examine the possi- 
bilities of assigning intermittent service 
ratings to electronic devices, giving due 
consideration to the methods proposed 
in the recent AIEE report No. 1-A on 
“General Principles for Rating of Elec- 
trical Apparatus for Short-Time, Inter- 
mittent, or Varying Duty,” by standards 
co-ordinating committee 4.1 

In any analysis of the rating of elec- 
tronic devices the following must be kept 
in mind: 
1. The flow of current through each anode, 
and consequently through a single-anode 
tube, is intermittent in nearly all applica- 
tions. This is shown in Figure 1, case Aj, 
which illustrates the current flowing with a 
single-anode rectifier. The same condition 
applies with a single-phase full-wave recti- 
fier for each anode. Case C; shows the cur- 
rent in each single-anode tube for three- 
phase rectification; similarly £, applies to 
six-phase arrangements. In some applica- 
tions the time of current-flow is even less, as 
in the ignitor circuit tubes of ignitrons, illus- 


Paper 42-87, recommended by the AIEE joint sub- 
committee on electronics for presentation at the 
AIEE summer convention, Chicago, Ill., June 22- 
26, 1942. Manuscript submitted March 2, 1942; 
made available for printing April 14, 1942. 


R. E. Herimunp was chief engineer of Westing- 
house Electric and Manufacturing Company, East 
Pittsburgh, Pa., at the time of his death, May 1942. 
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trated by case G). If the application is such 
that the current-flow periods repeat con- 
tinuously, it is customary to consider it con- 
tinuous service, which for each anode means 
continuously repeating pulsations of the cur- 
rent. Regardless of this continuous feature, 
it must be realized that dependent upon the 
duration of each pulsation and the amount 
of idle time between pulsations, different 
current rating values may have to be as- 
signed for the different cases of Figure 1 and 
similar variations, in order to bring about 
economical use of the electronic devices. 


2. Inall electronic arrangements consisting 
of two or more single-anode tubes, careful 
distinction must be made between the rating 
of individual tubes and that of the complete 
tube combination. Cases Bi, Di, and F, 
show the output of two-, three-, and six-tube 
arrangements corresponding to the single- 
anode currents of cases Ai, Ci, and Aj, re- 
spectively. 


3. The output of the tube combination 
may be continuous as discussed so far, or 
intermittent as illustrated for equal time on 
and off in By, Ds, and F, of Figure 1. The 
currents in the individual single-anode tubes 
for these cases are shown in Ag, Cy, and Ey 
respectively. The current here is inter- 
mittently pulsating. G2, shows an inter- 
mittent load for short-time individual pulsa- 
tion as might be found in the individual 
ignitor circuit tubes used in seam-welding. 
Ratings for such intermittent tube loads 
may be different from those of the previously 
described continuously pulsating loads. 


Rating of Single-Anode Tubes 


Depending upon the type of tube and 
type of load, the permissible rating of a 
single-anode tube may be limited by any 
one of the following factors: 


(a). Heating of the Tube as a Whole. 
With the usual assumption of constant 
voltage-drop in gas-filled tubes, it is cus- 
tomary to consider the average current as 
the principal factor in this respect. Inves- 
tigations by Knowles and McNall? indicate, 
however, that with short-time pulsations in 
a hot-cathode tube the assumption of con- 
stant voltage-drop does not hold true, and 
this may have to be considered under some 
conditions. (In the case of rectification of 
frequencies of hundreds or thousands of 
cycles, there is considerable additional anode 
heating due to positive ion bombardment 
of the anode during the inverse part of the 
cycle, a fact which, of course, must receive 
due consideration.) 

(b). Heating at the Lead-in Conductors 


and Seals. This is influenced largely by 
the rms current, and if it is too high diffi- 


Hellmund—Current Ratings for Electronic Devices 


culties may develop. (Unfortunately the 
heating of the lead-in conductors and of the 
tube as a whole are interdependent, making 
‘a clear-cut distinction between the limits 
imposed by the average current and the 
effective current difficult.) 


(c). Values of the Individual Current 
Pulsations and Their Duration and Fre- 
quency. These may be important factors 
in limiting tube ratings for a number of 
reasons dependent on the physical phe- 
nomena, entering into the operation of 
various types of tubes. (The sparking tend- 
ency of oxide-coated filament tubes and 
the back-fire phenomena in pool-type tubes 
are examples of this.) 


(d). Requirements for Satisfactory Life of 
the Tubes. Even though the limitations 
imposed by items a, b, and c have been taken 
into account to assure satisfactory opera- 
tion, rating values may have to be made the 
subject of further adjustments to assure 
satisfactory life of the tube. (The life of 
oxide-coated filaments or the life of the 
covering of cold cathodes are examples of 
this. The electron emission in a_ hot- 
cathode tube decreases during life, and in 
many cases the end of life is determined by 
lack of cathode emission. Therefore, tests 
or ratings involving peak-current-carrying 
capacity, as well as any other current rating, 
of the tube must take this into account.) 


Separate consideration will have to be 
given to each type of tube for various 
service conditions before any plan toward 
a reasonably uniform method of rating 
can be devised. As a contribution to- 
ward a satisfactory system of rating a 
number of typical cases will be considered 
in the following. 

Vapor-filled tubes with oxide-coated 
filaments will be considered first. Rating 
data for those tubes usually give the con- 
tinuous average current rating and a limit- 
ing peak or crest value for the current. 
The latter ranges in some tubes from 
four to six times the continuous average 
current value, or conversely, the con- 
tinuous average is 25 to 16.6 per cent 
of the specified peak value. In Figure 
1 the rms and average current values 
are indicated in per cent of the crest 
values for each of the cases shown. It 
will be noted that in all cases of the single- 
anode tube currents except A; and C, the ~ 
average current is less than 16.6 per cent. 
This in turn means that with the data in- 
dicated above, which are those usually 
given, the average current is the limiting 
factor in cases A, and C;, while in all other 
cases the specified peak current limits 
the permissible load, regardless of the 
duration and frequency of the current 
impulses. A question therefore arises as 
to whether better utilization of these de- 
vices might not be brought about by some 
other method of specifying ratings more 
suitable for loads with short-time pulsa- 
tions. Knowles and McNall have made 
an investigation on the sparking point of 
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Figure 1. ‘Typical 
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the filament as depending upon current 
and time. Some of their results are re- 
arranged in Figure 2. It will be noted 
that with the minimum filament voltage 
of 2.25 volts, peak currents of 2.75 am- 
peres for long durations of the pulsation 
are indicated. The curve also shows that 
the permissible peak loads can be in- 
creased by 2 per cent, 11 per cent, 32 per 
cent, and 80 per cent, for 180, 120, 60, 
and 10 degrees of the 60-cycle wave re- 
spectively; especially in the last two 
cases the gain is appreciable and seems 
to make it worth-while to standardize on 
several ratings suitable for service with 
various short-time pulsations. 

The underlying physical phenomena 
make it necessary to specify for each of 
such ratings: 


The wave shape of the impulse. 
The crest value of the impulse. 


The duration of the individual impulse. 


Boo Ne 


. The frequency at which the impulses 
can be safely repeated. 


1. Wave shape. The tests by Knowles 
and McNall were made with a rectangular 
impulse wave. In actual practice a variety 
of waves is likely to be found, some of which 
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Figure 2. Current values dependent upon 


time above which cathode sparking may occur 
in a vapor-filled oxide-coated-filament tube 
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of crest values are in- 
dicated in each case 


are shown in Figure 3. Although all of these 
waves have the same crest value and the 
same total time of current-flow, it is obvious 
that the effect of wave A, for instance, upon 
the sparking tendency and other character- 
istics of the tube is likely to be considerably 
different from that of wave F. Since it is 
obviously impracticable to establish a mul- 
titude of standards for all these wave shapes, 
a few typical ones will have to be selected as 
a basis for standardization; the choice will 
be determined largely by the wave shapes 
encountered in practical applications. A 
near rectangular or a sinusoidal wave, or 
both, may at times be selected for this pur- 
pose. In the application of tubes waves 
approaching a rectangular wave shape (see 
cases C to G of Figure 1) are at least as 
frequent as sine waves (A and B). The 
ease with which tests, especially life tests, 
can be made with a given type of wave 
should probably also have an important in- 
fluence upon the final choice. Multiphase 
arrangements of single-anode tubes on 60- 
cycle circuits with at least six phases (six 
tubes) give a wave shape approximating a 
rectangular wave (Figure 1, case #,), and 
thus seem to be very convenient for test 
purposes. Therefore, standardization with 
such a wave shape of the impulse as a basis 
seems advisable in addition to standardiza- 
tion with a sinusoidal wave shape. Tests 
for standards with shorter impulses can be 
made either by increasing the number of 
phases (tubes) or by using basic frequencies 
above 60 cycles, depending upon the case. 
(In case of rectangular waves the steepness 
of the wave front may have to be specified, 
as destructive cathode bombardment may 
result if full anode current is drawn in time 
less than ionizing time of tube.) 


2. The crest value of the impulse has the 
advantage of simplicity over the use of rms 
or average values, since it obviates in many 
instances the necessity for calculating these 
latter values 


3. The time of the individual impulse may 
be expressed in units of time such as milli- 
seconds or microseconds; this practice has 
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the advantage of being most generally 
applicable to all conditions found in actual 
practice. However, in some applications it 
may be convenient to express the time in 
degrees of some standard frequency, such as 
60 cycles. (If a near-rectangular wave with 
a peak value and time specified is used as 
a basis for standardization, a question 
naturally arises as to how a tube so rated 
can be applied to pulsations having different 
wave shapes, such as shown in Figure 3. 
A practical and safe method can be based 
on the assumption that current values below 
a certain percentage (possibly below 50 per 
cent) of the peak value will have but negli- 
gible effect upon either the sparking tend- 
ency or the life of the tube. If this is true, 
the time ¢ during which the current exceeds 
such percentage can be safely considered the 
effective time of the impulse, as illustrated 
in Figure 3. For example, an application 
with a wave shape as in case F would use a 
tube standardized on a much shorter rec- 
tangular impulse duration than would be 
used in D, although the total time of the 
current flow is the same in both cases.) 


4. The frequency at which the impulses 
can be safely repeated, either continuously or 
for a limited period, must be given with the 
rating data. The tests on sparking tend- 
ency by Knowles and McNall were carried 
on with single impulses. If several such 
impulses were to follow each other at very 
close intervals, their effect might approach 
that of one longer interval, and sparking 
might result. If on the other hand the 
impulses are repeated at not too frequent 
intervals, the only result is likely to be a 
slight increase of the temperature of the 
filament, which in general will have a favor- 
able effect on the operation at the lower 
filament voltages and no particularly harm- 
ful effect at the higher filament voltages. 
If the impulses are repeated too frequently 
for extended periods, limitations may also 
be reached, because of exceeding the safe 
average or rms currents of the tube, or be- 
cause the life of the tube is decreased below 
satisfactory values. Various other limita- 
tions may have to be considered in this 
connection. The maximum frequency of 
impulses at which any of the limitations are 
reached can be readily determined by test, 
so that usually it is not difficult to establish 
a maximum frequency that is safe. In 
many arrangements connected to commer- 
cial circuits with a definite frequency, such 
as 60 cycles, a pulsating frequency in each 
single-anode tube in excess of the circuit 
frequency cannot be readily obtained and 
therefore is not of any practical value. 


Since this paper deals essentially with 
current ratings, little mention has been 
made of the voltage conditions in the 
tube. It is of course appreciated that the 
various factors relating to current ratings 


Figure 3. Typical wave shapes of current im- 
pulses which may flow in electronic devices 
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m ay be Presi influenced by the 


operating voltage, the inverse voltage, 
the rate of rise of the inverse voltage, and 


so forth. This simply means that the 


complete rating structure must take such 


influences into account where they are of 


importance. 


If pulsations as defined by the quanti- 
ties previously discussed can be repeated 
continuously and without overheating 
the tube or any of its parts, no further 
information on the current rating is re- 
quired. Practical applications of this 
kind are illustrated in E; and G, of Figure 
1, as in these cases the average or rms 
values indicated are not likely to give un- 
safe temperatures. On the other hand, 
for applications A; and C, the average 
currents are likely to be in excess 
of safe values with continuously pul- 
sating service. However, the current 
values of cases A; and C, can be safely 
applied for intermittent pulsating serv- 
ice, such as illustrated by cases A» and 
C, In rating tubes for such service, 
some additional rating information must 
be given. The most convenient method 
of rating to be applied here seems to be 
the duty-cycle method described in 
AIEE report No. 1-A. However, in ap- 
plying this method to the case at hand, 
it requires some modification. The 
method calls for the specification of the 
maximum load time per duty cycle and a 
time factor & indicating the maximum 
ratio of load time or ‘‘on’”’ time to the 
total time per load cycle. Due to pulsat- 
ing nature of the load current, adherence 
to the exact wording of report 1-A would 
be confusing. In Figure 1 the time 7, 
indicates the time of the cycles during 
which pulsations occur, and T indicates 
the time of the total number of system 
cycles for one duty cycle. It is obvious 
that confusion can be avoided by giving 
the maximum permissible number of pul- 
sations per load cycle and the ratio k& of 
these pulsations to the total number of 
cycles of the system frequency per load 
cycle. These two values must be so 
chosen that satisfactory operation and 
life of the tube is assured. (Consideration 
has been given to the use of the service- 
factor method described in report 1-A, 
but it was found that the use of this 
method would unnecessarily complicate 
matters for the specific case without giv- 
This 
really is to be expected, because the tube 


ratings under discussion depend upon 


many factors other than the rms current, 


which is one of the basic values of the 


service-factor method.) 


‘In some respects the considerations up 
to this point have been specific to vapor- 


filled tubes with oxide-coated filaments. 
However, many of the conditions are the 
same as for most other types of tubes, at 
least qualitatively. Quantitatively, there 
may be marked differences, because the 
limitations are imposed by different physi- 
cal phenomena. In an ignitron, for ex- 
ample, tendencies toward back-fire or the 
possibility of losing control of the tube 
by the ignitor will govern the amplitude 
and time of the current impulses and the 
permissible number of impulses per load 
cycle; the ratio of the permissible peak 
currents to the average and rms values is, 
however, many times larger than that 
with oxide-coated filament tubes; again 
various voltage conditions may influence 
some of the current ratings to a consider- 
able degree. (While some of the restrict- 
ing factors for the ignitron have been men- 
tioned merely to point out certain dif- 
ferences, it should not be inferred that the 
ignitron involves more factors for satis- 
factory operation than a hot-cathode 
tube. A complete analysis is likely to in- 
dicate that on the whole the hot-cathode 
tube has more restrictions and compli- 
cating factors.) 


Conditions with the cold-cathode tube 
are somewhat peculiar, as pointed out by 
G. H. Rockwood.’ He gives a curve 
showing that with every load current of 
these tubes there is a certain total life in 
hours of current flow. He also indicates 
how the life of these tubes can be calcu- 
lated from his curve for other than rec- 
tangular wave shapes. With this infor- 
mation it is possible to calculate for any 
required type and amplitude of load cur- 
rent the percentage of idle time which 
must be allowed for to assure a desired 
total life of the tube. In this manner the 
time factor k can be determined. There 
is no need in this case to specify the maxi- 
mum number of impulses per load cycle, 
because the ‘‘on’’ time can be distributed 
in any desirable manner over the entire 
life of the tube. It will thus be seen that 
even the cold-cathode tube, although very 
different from the mercury-pool or the 
hot-cathode tube may be fitted into the 
general pattern of rating structure pre- 
viously described. 


The method of rating single-anode 
tubes suggested here should enable the 
designer of tube circuits to apply the 
tubes to best advantage. It unfortu- 
nately means the assignment of a number 
of different ratings corresponding to a 
variety of practical applications en- 
countered. However, there seems to be 
no way of avoiding this with the many dif- 


- ferent phenomena and considerations en- 


tering into the operation of tubes. Any 
attempt to pattern tube ratings after the 
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familiar type of ratings of most electro- 
magnetic apparatus is contrary to the 
basic principles involved and therefore 
bound to result in misapplications or un- 
economical use of the devices. If single- 
anode tubes are used by themselves, as 
may be the case with half-wave rectifica- 
tion, it may be advisable to give in addi- 
tion to the rating structure described, the 
rms current and possibly the average cur- 
rent for the various ratings to assist in the 
selection of conductors, protecting de- 
vices, and so forth, connected in the tube 
circuit, 


Rating of Tube Combinations and 
Circuits 


‘For many practical applications, sev- 
eral single-anode tubes are used in com- 
bination, and in addition other apparatus 
such as transformers, reactors, capaci- 
tors, resistors, and so forth, are often em- 
ployed in the combination, which has 
either a certain output as in the case of 
rectifiers or inverters, or a certain carry- 
ing-capacity as in applications involving 
control functions. The heating of most 
of the additional apparatus is determined 
by rms current values and usually the 
output or carrying-capacity of the entire 
combinationin rms valuesis of principal in- 
terest to the user. (There are some excep- 
tions to this, for instance, battery chargers, 
where the average current value is of im- 
portance.) For these reasons, and also 
because most users are accustomed to rms 
ratings, it is usually desirable to base the 
ratings of the combination arrangements 
wherever possible on rms values unless 
the load is of a type requiring pulsations, 
such as the ignitor circuit of an ignitron. 
(See G2 of Figure 1.) For cases By, D,, 
and F, of Figure 1, a continuous rms rating 
can readily be given, and for cases Bz, 
D,, and F, the assignment of an intermit- 
tent or load-cycle rms current rating 
seems to be desirable. In most applica- 
tions similar to D,; and F, the difference 
between the rms and average ratings is of 
little practical importance, and in cases 
like B, filters are often used and minimize 
the difference. In By, Dy, and F» it is 
necessary on account of the tube charac- 
teristics previously discussed to specify 
the maximum duration of the ‘‘on’”’ period 
per load cycle. It thus seems simplest to 
complete the rating structure by merely 
adding the time factor k, which is also 
limited by the tube characteristics as 
previously outlined. 


Whenever additional apparatus is used 
in the circuit combination, certain rating 
limitations may be imposed by this ap- 
paratus. This may at times result in the 
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assignment of a time factor k smaller than 
that called for by the tubes. For the pur- 
pose of selecting certain standard devices 
such as fuses, switches, and so forth, con- 
nected in series with the tube device, the 
rms currents corresponding to theevarious 
load-cycle ratings should be known. Al- 
though with the factor k specified, the 
service factor can be readily calculated, 
it may nevertheless be desirable to give 
in the rating structure the service factor 
in addition to the time factor k. How- 
ever, the service factor here cannot, as in 
most other apparatus, be construed as 
meaning that the ‘fon’ current and the 
“on” time can be varied at will as long as 
the service factor rms value is not ex- 
ceeded. (Careful study of individual 
types of tubes and tube combinations may 
disclose some cases where this interpreta- 
tion can be used. For the sake of flexi- 
bility in application, it is of course de- 
sirable to at least explore in many cases 
the possibilities of service-factor ratings 
which permit variation of current and 
time values at least below the rated cur- 
rent, and preferably also above this 
value, within the limit of an rms rating 
indicated by the service factor.) 


Unfortunately the load-cycle method 
proposed is not very flexible in its appli- 
cation. It restricts the application of 
each load-cycle rating to but a limited 
variety of load-cycle conditions. The 
time T=T,/k (in which T, is the speci- 
fied maximum ‘‘on”’ time per load cycle) 
corresponds in some ways to the so-called 
“averaging” time used to some extent in 
tube specifications. 
will be obtained with the rated current, 
if there are several load cycles instead of 
one during the time 7, as long as the ratio 
of the total “‘on” time T, to T does not 
exceed the value k. Additional load-cycle 
ratings have to be given for applications 
with different current values. 


It may be advisable to illustrate briefly 
here the rating and application method for 
cold-cathode tubes. Assuming, for in- 
stance, a current of 50 milliamperes in the 
tube described by Rockwood, the life is 
found to be about 42 hours a tube. There- 
fore, if six such tubes are used in a six- 
phase arrangement, giving approximately 
rectangular wave shapes for the impulses 
of each tube, the combination would have 
a life of about 250 hours at 50 milliam- 
peres. This, then, simply means that if a 
tube combination of this type is applied 
in service where a life of 10,000 hours is 
required, the factor k should not exceed 
the value of 0.025, which may be entirely 
practical for the relay service mentioned 
by Mr. Rockwood. For this case the 
maximum ‘‘on”’ time per load cycle could 
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Satisfactory results ° 


be given as 250 hours, although this 
would be of no practical significance in 
the usual relay application having a large 
number of short operating periods. The 
principal condition is that during the 
10,000-hour life the total load time does 
not exceed 250 hours. (This is merely 
given as an illustration. With the relay 
service under consideration by Rockwood, 
an arrangement of one or two tubes is 
more likely to be used, and in such cases 
the impulses will be sinusoidal.) 

The examples in Figure 1 all deal with 
rectification. Another function of tubes 
is that of switching or controlling alter- 
nating current for such purposes as spot 
welding, for instance. The individual 
single-anode tube here again carries pul- 
sations which are either sinusoidal half 
waves as in Figure 3B, or sinusoidal waves 
with delayed starts as in Figure 3D. The 
current handled by the usual 2-tube com- 
bination is alternating instead of direct 
current as in cases By, De, and F», of Fig- 
ure 1, and the load is as a rule intermit- 
tent. The operation of the individual 
anodes is the same as previously discussed ; 
the conditions with regard to multi- 
anode arrangements are different only in 
so far as the current ratings for the com- 
bination should be expressed in rms values 


-of alternating current, with all other fac- 


tors handled as previously indicated. 
Summarizing, the rating structure sug- 
gested here comprises: 


The above rating structure for continu- 
ous loads of single-anode tubes is not pro- 
posed to the exclusion of the present 
method of giving the average current for 
continuous ratings of tubes. It is in- 
tended essentially for cases where it re- 
sults in more economical application of 
tubes than the conventional method, or 
where it is found more convenient. The 
use of the rating structure on the left side 
of the table is not necessarily limited to 
single anodes. It may also be found con-— 
venient for multianode arrangements pri- 
marily intended for supplying pulsations. 
If it should happen with cases G; and Gz 
of Figure 1, for instance, that a single 
tube does not permit a frequency of pul- 
sations high enough for a given applica- 
tion, a two-tube arrangement can be used 
to good advantage and may then be rated 
as indicated on the left side of the table. 
The rating structure on the right side is 
intended for all cases where direct or al- 
ternating currents are desired, and where 
pulsations or harmonics may or may not 
be present as an undesirable by-product 
of the circuits employed, 

For load-cycle ratings the nominal 
rating is the value of the current during 
the load or ‘‘on”’ period of the load cycle. 
The service factor S is the ratio of the rms 
current for the entire time of the load 
cycle to the nominal rms current value 
during the ‘‘on’’ period. 

Whenever tubes have a limited life, the 


For Single-Anode Tubes or Each 
Anode of a Multianode Tube 


For Combination Arrangements 


A. Continuous Ratings 


Wave form of impulses 
Crest value of impulses 
Time of impulses 

Frequency of impulses 


Ate 


1. Rms nominal current rating 


B. Load-Cycle Ratings for Intermittent Service 


Same as above supplemented by— 
5. Maximum number of impulses per load 
cycle (or equivalent time) 
6. Time factor k 


2. Maximum active time per load cycle 
3. Time factor k 
4. Service factors in addition to k 


In devising a system of ratings, it must 
be considered that under many conditions 
the maximum “‘on’’ time T; per load cycle 
and the time factor k are interdependent. 
Usually k has to be decreased with an in- 
creasing value of 7, This is always the 
case when heating considerations are the 
determining factor. (See references 4 and 
5 which demonstrate this in connection 
with machines and other apparatus. For 
tubes this is more fully discussed in a 
companion paper by Marshall and Ar- 
nott.) For this reason T, should not be 
chosen any larger than necessary for 
practical applications. By keeping T, 
low, the value of k is favorably affected. 
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expected life in hours must necessarily 
enter into the rating structure somehow, 
because the choice of the quantities given 
in the table may be materially affected 
by the assumed life. A typical example of 
this is the cold-cathode tube previously 
described. 

As a rule, all of the quantities of the 
table except the service factor S, which 
may be given for convenience, are essen- 
tial to definitely limit the application of 
the device to service-it can handle satis- 
factorily. (There are a few exceptions to 
this, such as the cold-cathode tube where 
the indication of the maximum active 
time per load cycle is of no practical im- 
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portance.) However, the importance of 
the different quantities may vary appreci- 
ably with different tubes and applications, 
as may the reasons why the factors must 
be limited to the values given. In hot 
cathode tubes, for instance, the crest 
value of the impulses is quite a decisive 
value, while in many other types of 
tubes the maximum crest value is not 
such an important limitation, The maxi- 
mum active time per load cycle may be 
"primarily limited by heating considera- 
tions of various structural parts in hot- 
cathode tubes, while back-fire considera- 
tions or loss of proper control (also largely 
influenced by heating) may be most es- 
sential in some pool-type tubes. The time 
factor k, which determines the minimum 
idle periods, may be chiefly determined 
by heating consideration in a hot-cathode 
tube, while in a cold-cathode tube its 
value is determined essentially by the ex- 
pected life of the tube. However, re- 
gardless of what these numerous varia- 
tions may be, it seems that the suggested 
rating structure satisfies almost every 
conceivable condition that could be en- 
countered in practice with continuous or 
intermittent service, although some ex- 
ceptions to this can undoubtedly be 
found. It is fully realized that many fac- 
tors (especially various voltage condi- 
tions) not discussed here in detail will 
have to be given careful consideration in 
the setting of current ratings. It is ob- 
vious that in the brief review of rating 
structures given here it would be imprac- 
tical to attempt a comprehensive treat- 
ment of all phenomena involved. Some 
of the more important considerations not 
covered here will undoubtedly be pointed 
out in the discussion. 

With the load-cycle current ratings so 
far discussed it has been assumed that 
they are intended for typical intermittent 
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Figure 4. Time-load curve of 

tube arrangements and sug- 

ested method for selecting 
ratings 


loads with definite requirements, as, for 
instance, the operation of relays designed 
for such current. Many applications like 
this are found in practice and can be taken 
care of by a single load-cycle rating. 
However, with many other tube arrange- 
ments, it may be desirable to give suf- 
ficient rating information to facilitate 
their application for a variety of inter- 
mittent service conditions. In Figure 4 
the curve shown is intended to indicate 
the maximum ‘‘on” time permissible for 
a specific tube arrangement for various 
nominal load currents. Since it seems un- 
desirable to list a great number of differ- 
ent current ratings, only a few, such as 
Pm, Pm, Png, and Png, are indicated in 
the figure. For each of these the maxi- 
mum “on’’ time per load cycle can be 
given, as indicated by the values 7, 7», 
Ts3, and Jy. In addition the value k 
would have to be given for each case. 
This then would make possible the appli- 
cation of the arrangement within its 
range of satisfactory performance for dif- 
ferent applications, as intermediate values 
could be readily interpolated. A question 
arises, however, as to how a single nomi- 
nal commercial rating should be selected 
for such a condition, especially for service 
where any of the loads are at times ap- 
plied for considerable periods, as may oc- 
cur with spot-welding arrangements for 
instance. There is not much choice be- 
tween the different ratings in selecting 
one as a nominal commercial rating under 
these circumstances. The continuous rat- 
ing P is so far from representing actual 
service conditions that it would not be a 
very satisfactory nominal rating. The 
maximum rating P,, is not very well de- 
fined because the time 7; in Figure 4 may 
range from one cycle in the case of spot 
welding to the conventional period of one 
minute used in connection with the larger 
rectifier equipment. 

One possible method of selection might 
be to establish certain standard values for 
the maximum ‘‘on” time and select rat- 
ings according to such time values from 
the curve. Another possibility would be 
to set certain standard ratios between the 
nominal and the continuous rating, or be- 
tween the nominal and the maximum rat- 
ing, the latter to be based on the time 
values of practical significance for the par- 
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ticular type of tube or service, such as one 
cycle for spot-welding arrangements and 
one minute for large rectifying equip- 
ment. Some measure of uniformity could 
be accomplished by always using preferred 
numbers for these ratios, as indicated 
in Figure 4, where all the steps between 
the different ratings have been selected 
to be 25 per cent, corresponding to the 
coefficient of the ten series of preferred 
numbers. In this case the load Pns, 
which is about halfway between the con- 
tinuous and short-time maximum rating, 
has been indicated by a heavy line to 
serve as the nominal commercial rating. 
It would seem highly desirable to devise 
some standard method for settling some 
of these questions, as it would greatly as- 
sist in the gradual evolution of a reason- 
ably uniform method for electronic de- 
vices, 


As previously stated, the suggestions 
given here are merely preliminary; final 
recommendations should not be given 
until considerably more work has been 
done in analyzing the various conditions. 
However, it is hoped that the brief out- 
line will stimulate others to investigate 
various practical arrangements and appli- 
cations for the purpose of determining 
whether the suggestions made here can 
be used, or whether they can be altered in 
some way to make them even more gener- 
ally applicable. It is obvious that no sys- 
tem of rating applicable to all conditions 
can be devised; however, it seems entirely 
possible to develop a system capable of 
broad application and requiring only 
slight modifications for specific cases. At 
any rate, it should be possible to at least 
establish a nomenclature defining such 
terms as time factor, service factor, and 
so forth, which will be generally appli- 
cable and definite in its interpretation in 
all applications. 
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Ignitor Excitation Circuits and Misfire 


Indication Circuits 
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MEMBER AIEE 


Synopsis: Several circuits are available for 
excitation of ignitron rectifiers. Static 
magnetic-impulse circuits are used for most 
applications. Several such circuits are dis- 
cussed in some detail. Ignitor requirements 
are given, and circuit requirements affecting 
the choice of excitation circuits are indicated. 
While ignitor failures are rare, they 
should be detected promptly to utilize all 
apparatus to the best advantage. Two con- 
ditions may arise 
1. When two anodes operate in parallel from a 
single transformer winding. 


2. When a single anode is connected to each trans- 
former winding. 


Means for detecting ignitor misfiring are 
described for both conditions. 


N ignitron is an electric valve in 
which the cathode spot or electric 
are is established every cycle at the be- 
ginning of the conduction period of the 
main anode and is allowed to extinguish 
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Figure 1. D-c magnetization curves 

at the end of the conduction period. The 
arc is established by means of an ignitor, 
which is an element made of a high-re- 
sistance material and partly submerged in 
the cathode mercury pool. The ignitor 
is excited or fired by passing an electric 
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current of sufficient strength through it 
into the cathode to establish a cathode 
spot or arc, Static magnetic-impulse 
excitation circuits have certain definite 
advantages over other ignitor excitation 
circuits.2 The circuits here described 
satisfy certain operating conditions. 

As current is built up in the ignitor to 
the firing value, power is consumed by 
the ignitor. At the instant the cathode 
spot appears most of the ignitor current 
transfers to the.electric arc instead of 
passing through the whole length of the 
ignitor to the cathode, and the voltage 
across the ignitor suddenly collapses to 
arc-drop value. It is therefore desirable 
to build up the ignitor current rapidly to 
the firing point to limit the losses and the 
heating of the ignitor. Further, since the 
ignition current varies considerably from 
cycle to cycle, a rapid build-up of ignitor 
current will result in a more uniform fir- 
ing angle. 


Magnetic-Impulse Excitation 
Circuits 


To obtain a rapid build-up of current or 
peaked current wave, a nonlinear reactor 
is used 

In the high impedance region of such a 
reactor, that is, below its saturation 
point, there is substantially no ignitor 
current. As the impedance decreases, 
the rate of change of ignitor current in- 
creases. An abrupt transition to a 
peaked current wave requires a sharp knee 
in the magnetization curve of the reactor; 
a rapid rise of current requires a low 


Figure 2. Ignitor excitation circuit using d-c 
biased nonlinear reactors 
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saturated reactance. The use of an alloy 
such as Nicaloi (see Figure 1) and a well- 
interleaved core construction result in 


1. Sudden initiation of impulse current. 


29. A maximum ratio of unsaturated to 
saturated reactance values. A capacitor 
may be used as a storage reservoir so that 
other circuit reactance will not reduce the 
rate of rise of the firing impulse current. 


In Figure 2 is shown a magnetic-im- 
pulse ignitor excitation circuit. Here a 
nonlinear reactor Xwr is used for each 
ignitor. This is necessary, because the 
reactor is biased with d-c ampere-turns 
to obtain a high peak current in the a-c 
winding in one direction but not in the 
other. The high peak current is allowed 
to pass through the ignitor in the positive 
direction, that is, from ignitor to cathode, 
while the low negative current is blocked 
by a dry-plate rectifier in series with the 
ignitor and instead flows through the 
linear reactor Xz. This circuit gives a 
peaked current wave having a base 60 
electrical degrees long, that is, the arc is 
maintained for 60 electrical degrees of the 
fundamental frequency. In order to re- 
lieve the ignitor and the rectifier in series 
with the ignitor of this current after the 
arc has been established, a relieving anode 
and transfer resistor R3; are used. The 
resistance R; reduces the inverse voltage 
impressed on the rectifier. The resistance 
R, limits the current in the circuit. 
Voltage control of the d-c output of an 
ignitron rectifier can be obtained by re- 
tarding the firing of the ignitors. The 
capacitors and resistance connected be- 
tween the power supply and the primary 
of the transformer 7, together with the 
amount of d-c saturation of the nonlinear 
reactors Xy;, permit voltage control by 
shifting of the ignitor firing. 

The vector diagram shows how this 
shifting of phase is accomplished. Vector 
1-4 is the voltage impressed on the pri- 
mary of the transformer, and vector 4-3 
the voltage impressed across the con- 
denser Cy, and triangle 1, 2, and 3 repre- 
sents the three-phase supply voltage. As 
the saturating current in the nonlinear 
reactors is increased, the point 4 travels 
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(6) Vector diagram 
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on the locus, 4, 4’, and 4”. Thus the 
voltage impressed on the transformer ad- 
vances as the saturating current is in- 
creased, and therefore the angle of ignitor 
firing advances with increasing saturating 
current. The purpose of resistance R, is 
to hold the amplitude of the voltage Es 
more nearly constant. The advantage of 
this firing circuit is the long period over 
which the are is maintained. 
Figure 3 shows an excitation circuit 
| in which one nonlinear reactor Xyz is 
used to fire two ignitors. The nonlinear 
_treactor is allowed to saturate in both 
directions, thus giving peak currents in 
both directions. An autotransformer 

T2 is used to provide a return path for 
_ the ignitor current from the cathodes of 
the ignitrons. In case the cathodes must 
be insulated from each other, this can 
be done by making the autotransformer 
an insulating transformer as shown in 
Figure 3b. The shifting of the angle of 
ignitor firing in this case is accomplished 
by a saturable reactor X,, together with a 
capacitor C;. The resistances R; and Ry 
keep the voltage wave across the trans- 
former 7, symmetrical and in this way 
insure that the two ignitors will fire 180 
electrical degrees apart. Capacitor C; 
helps to increase the peak volt-amperes 
delivered to the ignitors. 

In the vector diagram, E; isthe voltage 
impressed on the transformer 7, with 
low saturating current in the saturable 
reactor, EF: is the voltage across the 
capacitor C;, EZ, is the voltage across the 
a-c winding on the saturable reactor, and 
FE, is the line or supply voltage. As 
saturating current in the saturable reactor 
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Figure 3.  Ignitor excita- 

tion circuit using saturable 

reactor X; for controlling 
phase of firing 
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(a) Circuit diagram Te 
(6) Modified circuit dia- 
gram 


(c) Vector diagram 


is increased, the a-c voltage across the 
saturable reactor decreases, and the volt- 
age across the capacitor C, increases as 
shown by the dotted vectors. The volt- 
age 4; on the transformer advances from 
Es to Es’ and consequently the ignitor 
firing advances. The voltage drops 
across the resistances R, and R», are neg- 
lected to simplify the diagram. In this 
firing circuit the arc is maintained for 
about 25 degrees. The advantages of this 
circuit over the one shown in Figure 2 
are that the power consumed is less and 
the apparatus is smaller. 

Figure 4 shows still another type of 
excitation circuit which shortens up the 
period over which the arc is maintained 
to about 18 degrees. This reduces the 
power drawn by the circuit still further, 
being only about 200 watts per ignitor. 
A modification of the autotransformer 
similar to Figure 3b will provide for insu- 
lated cathodes. The phase-shifting net- 
work consists of a saturable reactor X;5, a 
linear reactor X,, and a capacitor Ci. 

The vector diagram shows how the 
voltage £3; varies in phase, with sub- 
stantially constant amplitude as the volt- 
age vector £2, which is the a-c voltage 
across the saturable reactor, is changed 
in amplitude by means of the d-c saturat- 
ing winding. The angle of firing of the 
ignitors shifts with the angle of the vector 
E3. 

Figure 4c shows the current in the non- 
linear reactor, the voltage impressed on 
the ignitor, and the supply voltage. 

Sometimes it is desirable to operate 
the main anodes of two ignitrons in 
parallel, and in that case the ignitors must 
be fired simultaneously in order that the 


main anodes will divide the current 
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(b) Vector diagram 


Figure 4. Low-loss ignitor 
excitation circuit 
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equally. This is best accomplished by 
firing four ignitors from one ignitor excita- 
tion circuit as shown in Figure 5. The 
current dividing autotransformer 7) 
causes the two ignitors connected to the 
ends of the same transformer to be fired 
practically simultaneously. If the other 
transformers, reactors, resistors, and ca- 
pacitors in the excitation circuit are built 
for the same voltage, but twice the current 
rating, we will have a circuit that is twice 
the size in kilovolt-ampere rating and will 
draw twice as much current and power. 
from the line to fire twice as many ig- 
nitors. However, it has been found that 
the peak volt-amperes that this circuit is 
capable of delivering to a hard firing 
ignitor have been practically doubled, 
There is therefore a distinct advantage 
when operating ignitrons in parallel in 
firing their ignitors by this arrangement. 

In order that various kinds of ignitor 
excitation circuits can be compared, it is 
necessary to have some way of measuring 
the peak voltage and current that the cir- 
cuit is capable of delivering to the ignitor, 
In a circuit designed to use relieving 
anodes a variable resistance is connected 
in series with one ignitor between the 
ignitor and the blocking rectifier. In 
case the circuit is designed to operate 
without relieving anodes, a_ relieving 
anode should be used during this test 
connected as shown in Figure 6. This 
variable resistance can then be considered 
as being part of the ignitor, and the two 
together represent a high-resistance ig- 
nitor. The amount of current required to 
fire the ignitor can be varied by changing 
the depth of immersion of the ignitor in 
the cathode. With deep immersion a 
high current is required, and with shallow 
immersion a low current. For each dif- 
ferent ignitor immersion depth, the re- 
sistance R is increased to such a value 
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Figure 6. Circuit for measuring output of 
excitation circuit 


that the ignitor misfires occasionally. 
With this setting the peak voltage across 
the resistance and ignitor is measured 
during a misfire. This is the peak voltage 
the circuit is capable of delivering simul- 
taneously with the peak current. The 
peak current is determined from the volt- 
‘age across R. A curve can then be plotted 
showing the peak current and the peak 
voltage the circuit is capable of delivering 
to the ignitor. Such curves are shown in 
Figure 7. A circuit test made by sub- 
stituting a resistance for the ignitors can 
give misleading results, because a resist- 
ance does not havethe nonlinear character- 
istic of an ignitor at the instant of firing. 
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Figure 7. Wolt-ampere output curves of ex- 

citation circuit Figure 4 and modification as 

in Figure 5, with maximum firing points of 
typical ignitors 
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Figure 8 (left). De- 
tection of ignitor 
misfire by funda- 
mental - frequency 
component in d-c 
tipple 
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Figure 7 shows the peak volts and am- 
peres that a typical circuit as in Figure 4 is 
capable of delivering to the ignitors. The 
curve labelled ‘‘single” is for the circuit as 
shown in Figure 4 and the curve labelled 
“twin” is for the circuit in Figure 4 when 
modified according to Figure 5 and using 
apparatus with twice the current rating. 
The points indicated by crosses in Figure 
7 represent maximum peak voltage and 
current to fire typical ignitors. This 
shows that the circuit is putting ample 
power into the ignitors. 


Detection of Excitation Failure 


During operation of an ignitron recti- 
fier one or more anodes may fail to con- 
duct, due to a fault in the ignitor firing 
circuit or in one of the ignitors. Failure 
may be occasional or persistent. 

Persistent misfire of one anode in a 
rectifier where two anodes are operating 
in parallel results in increased load being 
carried by the companion anode with a 
corresponding increase in arcback proba- 
bility. In other circuits misfire of an 
anode may result in increased duty on 
one or more of the other anodes, with 


1. Corresponding greater arcback proba- 
bility. 


2. Increase in transformer heating. 


In any case, an indication of faulty opera- 
tion is desirable, so that the fault may be 
remedied and normal operation continue. 

Excitation failure may be detected 


1. Action of the power circuit. 
2. Action of the excitation circuit. 


3. Action of auxiliary electrodes in the 
rectifier. 
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Figure 9 (left). De- 


I. DETECTION OF EXCITATION FAILURE 
BY ACTION OF THE POWER CIRCUIT 


1. If one anode of a rectifier fails to fire, 
there will be a component of supply fre- 
quency in the d-c voltage ripple. The mag- 
nitude of this component will depend on the 
number of phases of the rectifier and the 
nature of the load. A relay connected to the 
d-c output voltage and having its coil - 
tuned to the supply frequency will indicate 
misfire. This circuit is shown in Figure 8. 
A variation of this arrangement is to con- 
nect. the tuned relay across a d-c reactor in 
series with the load. Either arrangement is 
most effective when the number of phases is 
small, and the d-c load is fairly reactive. 


2. When an interphase transformer is in- 
cluded in the rectifier circuit, a voltage com- 
ponent of supply frequency occurs across the 
interphase transformer during misfire. A 
relay or other indicating device tuned to the 
supply frequency and connected across the 
interphase transformer will indicate the 
presence of a missing anode. The connec- 
tions are shown in Figure 9. In a quad- 
ruple-wye circuit, an induction relay with 
two tuned coils may be used, each coil being 
connected to one of the 180-cycle interphase 
transformers. 


3. Figure 10 shows a circuit which utilizes 
the increased positive voltage between anode 
and cathode, when the anode does not fire. 
This arrangement is most suitable for recti- 
fiers operating without phase retard. 


4. Figure 11 shows a circuit where un- 
balance between the neutral currents of a 
double-wye rectifier saturates a reactor and 
decreases its impedance. 

5. Missing of an anode in one wye of a 
double-wye rectifier generally results in a 
disproportionate decrease of current in the 
other anodes of that wye. This is the basis 
of the circuit in Figure 12, which is affected 
by the difference between anode currents in 
the two wyes. 

6. The missing of one anode will result in 
unequal currents in the supply line. This 
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Figure 10. Detection of ignitor misfire by 
positive voltage of missing anode 


Figure 11 (below). Detection of ignitor misfire 
by wye-current unbalance 
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Figure 12. Detection of ignitor misfire by 
anode-current unbalance 


may be recognized by visual observation of 
line ammeters or by a negative-phase-se- 
quence relay. Operation of a double-wye 
rectifier circuit on five anodes results in a 
large negative-phase-sequence second har- 
monic component, due to the unbalance be- 
tween the two secondary wyes. A negative- 
phase-sequence relay is less useful for mis- 
fire detection as the number of phases is in- 
creased. 


7. When two anodes are operated in paral- 
lel from the same transformer winding, it is 
possible to utilize the current-dividing re- 
actor, if one be used, as an indicator of mis- 
fire. Failure of an anode to fire would result 
in a much higher voltage than normal across 
the current-dividing reactor. This voltage 
may be utilized to operate an indicating 
device. Another method of using the cur- 


_ rent-dividing reactor is to design the reac- 


tor so that the core acts as the magnet of a 
relay and design the relay structure so that 
there will be sufficient flux to attract the 
armature only when the unbalance between 
the anode currents corresponds to misfire of 
one anode at 50 per cent or more load on the 
rectifier. Figure 13 is a photograph of such 
a reactor. 


8. Another method of detecting misfire in 
the case of parallel anodes is to connect in 
each anode lead a current transformer de- 
signed to permit open circuit operation. If 
the secondaries are connected in opposition, 
there will be no voltage when both anodes 
fire, but a resultant voltage if one is missing. 
This may be used to operate a suitable relay. 
The resultant voltage will be present if all 
the pairs of oppositely connected secondaries 
are joined in series. 

It should be noted that the above schemes 
for detecting missing of one of a pair of 
parallel anodes will not detect simultaneous 
missing of both anodes. Such missing will re- 
quire one of the previously described circuits. 


9. When a rectifier is carrying a steady 
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Figure 13. Combined current-dividing reac- 
tor and misfire-detection relay 


load, as in electrolytic processes, and anodes 
are not operated in parallel, missing of an 
ignitor may be detected by observation of 
the d-c ammeter in the output circuit of the 
rectifier. This will show a distinct flicker 
each time misfire occurs. The anode trans- 
former also gives an audible indication of 
misfire. - 


II. DETECTION OF EXCITATION FAILURE 
BY ACTION OF THE EXCITATION CIRCUIT 


Failure of an element of the excitation cir- 
cuit may result in one of a number of con- 
ditions, depending upon the nature of the 
failure. Since the ultimate purpose of fail- 
ure detection is to determine if an ignitor 
is missing, the preferred location of a misfire 
device is in the circuit of the ignitor itself. 
Such a device becomes involved as it must 
function during 


1. Ignitor short circuit. 

2. Ignitor open circuit. 

3. Insufficient power to fire ignitor. 

Moreover, there must be one such device 
for each ignitor. Action of some other cir- 


cuit than the excitation circuit appears de- 
sirable for misfire detection. 


Mittag, Schmidt—Ignitor Excitation Circutts 


III. Derecrion or EXCITATION FAILURE 
BY ACTION oF AUXILIARY ELECTRODES 
IN THE RECTIFIERS 


The ignitron rectifier cell usually has an 
anode baffle which is excited from a differ- 
ent source than the other electrodes. Since 
current cannot flow in the baffle circuit un- 
less a cathode spot is formed, current indi- 
cating means in series with the baffle or 
voltage indicating means across the baffl 
resistor will detect misfire. 


Location of Missing Ignitor 


With the exception of the scheme just 
described for indicating the presence of 
baffle current, the above misfire indica- 
tion circuits do not indicate the specific 
ignitor which is misfiring. If an oscillo- 
scope is at hand, missing may be located 
by observation of ignitor voltage. A 
clampon or tong ammeter may be used to 
detect current in the main anode. If a 
low-reading tong ammeter is available, it 
may be used to measure the current in the 
baffle. A compass held near an anode 
bus will show when an anode is not firing. 


Conclusion 


Static magnetic-impulse excitation cir- 
cuits have definite advantages in many 
applications of ignitron rectifiers. Three 
circuits which have been described have 
different modes of operation, and their 
choice is determined by operating require- 
ments. Excitation circuits are generally 
designed with an ample margin of power 
over ignitor requirements and in twin cir- 
cuits for parallel operation. This margin 
is automatically increased for hard-firing 
ignitors. 

An ignitor may stop firing even with 
ample excitation power. This condition 
may be detected in a number of ways. A 
choice of methods is available for specific 
applications. 
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Formulas for Calculating Short-Circuit 


Stresses for Bus Supports for Rectangular 
Tubular Conductors 


THOMAS JAMES HIGGINS 


ASSOCIATE AIEE 


HE mechanical forces acting on bus- 

bar supports during short circuit are 
determined in some measure by all of the 
following: 


‘The magnitude and decrement factor of the 
short-circuit current. 


‘The mutual electromagnetic forces exerted 
among the individual conductors. 


The natural frequencies, motional resist- 
ance, and physical arrangement of the bus- 
bar structures. 


A theoretical treatment, substantiated 
by experimental data, of the individual 
and collective effects of these factors on 
the magnitude of bus-bar support stresses 
and a method of calculating numerically 
these effects are to be found in a compre- 
hensive paper by Schurig and Sayre.!' In 
shorter articles based on the just men- 
tioned paper Schurig, Frick and Sayre,’ 
‘Tanberg,* and Specht? have presented 
certain charts, nomograms, and short-cut 
methods facilitating the numerical calcu- 
lations involved in an actual problem. 
However, regardless of the method of 
calculation adopted, a determination of 
‘bus-bar support stress yet requires calcu- 
lation of the electromagnetic forces ex- 
erted on the conductors carried on the 
support. 

The mutual electromagnetic force ex- 
etted between two isolated, long non- 
permeable conductors, spaced D inches 
‘between their parallel axes and carrying 
direct currents of J and I’ amperes, is 
commonly calculated from the formula 


f=(5.4kII'/D)10~7 pounds per foot of bus 
length (1) 
or, if absolute units are used, from 


f=2kII'/D dynes per centimeter of bus 
length (2) 


‘Herein k is a parameter, a variously 
named constant, of magnitude deter- 
‘mined by the geometry and relative posi- 
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tion of the two conductor cross sections. 
In a group of conductors the force acting 
on any one conductor is calculated by 
using equation 1 to compute in turn the 
force exerted on the conductor by each of 
the remaining conductors and then add- 
ing these forces vectorially. If alternat- 
ing instead of direct currents flow in the 
conductors, then providing f, Z, and I’ 
are taken as instantaneous values, and 
providing skin and proximity effects are 
negligible—this latter condition is com- 
monly satisfied if rectangular tubular con- 
ductors are used and is sufficiently satis- 
fied for strap conductors if, as is usual, the 
bus bar considered is either a single non- 
laminated strap or is tonstructed of 
properly transposed laminated conduc- 
tors—equation 1 is yet used, and k is the 
same as for direct currents. Accordingly, 
simple arithmetic aside, determination of 
the electromagnetic force acting on a given 
support reduces, in essence, to determina- 
tion of the needed values of k. 


Of essential interest to the designer of 
polyphase bus structures are the values of 
k for a group of identical conductors of 
solid or tubular rectangular cross section 
with axes in a plane. The formula for k 
for conductors of solid rectangular cross 
section was derived a quarter of a cen- 
tury ago; as regards rectangular tubular 
conductors, no formula for k seems to have 
been published hitherto. Yet as the me- 
chanical and electrical advantages stem- 
ming from use of this cross section have 
resulted in an extensive and currently in- 
creasing use of it for feeding heavy cur- 
rent loads—to be noted in particular is its 
use in new bus installations supplying 
batteries of welders (in airplane, tank, 
and automobile factories) and banks of 
electric furnaces (for alloy and tool steels, 
aluminum, and various other metals) 
necessitated by the defense program—it 
is most desirable to have formulas with 
which one can quickly calculate the value 
of k for any conductor spacing or rec- 
tangular cross section. 
are derived in this paper. 


Such formulas 


It is assumed that the conductors are 
nonmagnetic, right-cornered, and of such 
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length that end effects are negligible, and 
that they carry currents uniformly dis- 
tributed over the cross sections of the 
individual conductors. Of these assump- 
tions all but that of right-corneredness 
are consistent with or are closely approxi- 
mated in current practice. But although 
rounded corners are found on rectangular 
tubular conductors—to minimize ‘edge 
effect””—treating them as right-cornered 
introduces error negligible with reference 
to the accuracy required in calculating 
bus-bar stresses and enables solution of 
an otherwise intractable problem. 


As regards values of k for strap con- 
ductors (which usually have right corners), 
the formulas derived in this paper—a 
strap conductor is a special case of a rec- 
tangular tubular conductor—offer an 
attractive alternative to the means of 
determination now used: curves, found in 
the references previously cited and in 
most electrical handbooks, these being 
plotted originally by Professor H. B. 
Dwight’ from the above-mentioned for- 
mula derived by him. It is illustrated 
in section III that from equations 17 or 
18 one can calculate rapidly, with but 
pencil or slide rule, the value of k for two 
symmetrically located, identical strap 
conductors. 


The mentioned formulas for solid and 
tubular rectangular conductors obtained, 
ease and rapidity of use are illustrated by 
the numerical solution of several prob- 
lems typical of bus design. 


I. The Formal Solution for k 


As derived in a previous paper by the 
writer,® the electromagnetic energy asso- 
ciated with a unit length of an isolated 
circuit constructed of two identical rec- 
tangular tubular conductors, symmetri- 
cally located as in Figure 1, is 


W=w[W(r, s) +W(R, S)+2W(t, Std+ 
2W(R+t, t)-2W(R+t, Sti) —2Wit, 2)] 
(3) 


where, typically, W(r, s) is defined by 


W(r, s)=(1/6)(2F(D, s)—F(D+r, s)— 
F(D—r, s)+2F(r, s)—2F(0, s)+ 
4rr*s(3D—r)] (4) 


and, typically, F(r, s) is defined by 


F(r, s) =(r*—6r?s?+-s4) log (r?-+52)/ 24 
4rs(r?—s?) tan—! (r/s) —r4 log |r| (5) 


All units are in the absolute system: the 
current density win abamperes per square 
centimeter; D, r, and s in centimeters; 
W in ergs per centimeter of line length. 
As is well-known, the mutual electro- 
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Orage 


ee crted ed the two 


length (6) 


= [D/2(rs—RS)*]0W/oD (7) 


bstituting equation 3 in equation7 gives 


oW(r, s) . IW(R, S) 
ID = STOR ASIA a het es 
[D/2(rs Rs] SD + SD oa 
Wt, Sti) _OW(R+, 2) 
+ = Sa Os Su 
oW(R+t, SH) Wit. 
4 aD maa ] 8) 


From equation 4 we have 


OW (r, s) 


-«/0| 2 {2F(D, s)— 


F(D-+r, s)— F(D—r, s) } +2074] (9) 


The bracketed expression in equation 9, 
considered as a function of r alone, can be 
expanded in a power series about the 
point r=D. Substituting this expansion 
in equation 9 we have 


pe. Wir, s) J po FD, 8) 
ae a ee 


=Kill 
( /0| 2. “es 
oe Ort Ds) 2 OfF(D, 5s) 


2-3! oD* 3-5! oDs 


: \ == 120s | 


07 F(D, s) 
= 1/6 — 2—__—_—__ — 
a, i  aDs 
ree Orr Ds) -r® 
2-3! ops 3-5! 


07F(D, s) 
oD? 


Sa 120 | (10) 


[he details of the expansion and expres- 
sions for the various derivatives, in terms 
of the dimensions and spacing of the con- 
juctors, are given in the appendix. Sub- 
stituting appropriately in equation 10 and 
ollecting terms, we have 


Wr, s) 


=| [2s tan—! (s/D)— 
oD 


phic s) |p ae 
Dios\ +73) |3 Dw+s4 


6[ 1 | —D?+3Ds? 
“| ee as =] ve 
45, D* 


(D?+s?)3 
=2DM(r, s) 


(11) 
vhere M(r, s) is defined by 


U(r, s)/r?=2m tan! m—log (1+ m?)+ 


aa | (12) 
(1+ m?)3 


n?m al 
6(1+m?) 90 
vhere m=s/D and n=r/D. 
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Substituting equation 11 in equation 8 
yields 


k =[D*/(rs—RS)*] [M(r,s) +M(R,S)+2Mx 
2M(t, #)) (13) 


If R=S=t=0, we have solid rectangu- 
lar conductors, and equation 13 becomes 


k=(1/m?r?) M(r, s) (14) 


Having determined k—note that k is a 
dimensionless quantity; thus D, r, and s 
can be measured in any unit of length— 
the electromagnetic force f can be deter- 
mined from equation 1. 


II. Approximate Expressions for 
M(r, s) 


In most calculations the conductor 
cross sections and spacing are such that in 
equation 11 the terms involving powers of 
nm are negligible. If so, equation 12 re- 
duces to 


M(r, s)/r?=2m tan~! m— log (1+m?) (15) 


Although equation 15 can be calcu- 
lated directly by the aid of appropriate 
tables or by use of a slide rule, it is more 
desirable to have M(r, s)/r? expressed 
directly in powers of m. Accordingly, 
substituting in equation 15, the usual 
power series for tan~! m and for log (1 + 
m*) and collecting terms, we have the 
more desirable form 


M(r, s)/r?=m?—m14/2-34+m8/3-5— 


m8/4-7+ ... (16) 


where m <1. 


Substituting equation 16 in equation 14 
we have for solid conductors 


k=1—m?/2-3+m'*/3-5—m8/4-7+ ...(17) 


where m< 1. 


Occasionally, in equation 12 the term 
in 1? is not negligible in comparison with 
the first two terms. In this case, ex- 
panding (1+m?*)~! in powers of m and 
adding to equation 16 we have 


MW /y? =m? ieee ‘ at te 
] y/re= == i = = — 
r, s)/r?=m 6 6' 6 


where m<l. 
III. Some Illustrative Examples 


EXAMPLE | 


Conductors a, b, c of a three-phase bus 
are of four- by one-half-inch strap, 
spaced six inches between adjacent axes, 
with four-inch edges perpendicular to the 


plane of axes. To calculate k for conduc- 
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tors a and b, and for conductors a and c. 

Pari A. D=6 inches; r=0.5 inch; 
s=4 inches; n=0.5/6=1/12; m=2/3. 
From equation 12 for the terms taken in 
order 


M(r, s)/r* = (4/3) tan=} (2/3) — log (18/9) + 
1/2808+ ... 
= 0.7840 — 0.3677 +0,0004 = 0.4167 


Accordingly, from equation 14 
k= (9/4) (0.4167) =0.938 


For comparison, we have from equation 
lt 


k=1—4/54+16/(81) (15) — 
64/(729) (28) +256/(6561)(45)— .. . 
=1—0.0741+0.0132—0.0031+4+ 


0.0009 =0.937 
Part B. D=12 inches; r=0.5 inch; 
s=4 inches; »=0.5/12=1/24; m=1/3. 


As n and m are smaller even than in part 
A, k is best calculated directly from 
equation 17. 


k=1—1/54+1/(81)(15) —1/(729)(28)+ ... 
=1—0.0185+0.008=0.982 


These two values of k computed from 
equation 17—with a ten-inch slide rule 
and with purposely exaggerated accuracy 
—indicate the rapidity with which this 
expression yields values of k for strap 
conductors. As in practice but the first 
two digits are used in actual computa- 
tions, but the first two or three terms in 
equation 17 need normally be calculated. 


EXAMPLE 2 


Conductors a, b, c of a three-phase bus 
are 2.5- by 2.5-inch square tubular con- 
ductors, 0.5 inch thick, spaced 10 inches 
between adjacent axes. To calculate k 
for conductors a and 6 

D=10 inches; r=s=2.5 inches; R= 
5 =lepeainchess "= 05 1nch hotrmemtae 
data given we have from equation 13 


k=(100/16) [14 (2.5, 2.5) + 14(1.5, 1.5) + 

2M(0.5, 2) +2M(2, 0.5) -2M(2, 2)— 

2M(0.5, 0.5)] (19) 

To determine k each of the terms of 

equation 19 must be calculated. From 

equation 18 we have for the terms taken 
in order 


M(2.5, 2.5) =6.25(0.063151 —0.000692+ 
0.000019) = 0.39049 

M(1.5, 1.5) =2.25(0.022584 — 0.000086) = 
0.05062 

(0.5,2) =0.25(0.040017 — 0.000267 -++ 
-0,000004) = 0.00994 


M(2, 0.5) =4.00(0.002517 —0.000001) = 
0.01006 

M(2, 2) = 4.00(0.040267 — 0.000277) = 
0.15996 

M(0.5, 0.5) =0.25(0.002501 —G.000001) = 
0.00063 
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Rectangular tubular conductors 
symmetrically located 


Figure 1. 


Substituting these values in equation 19 
we have for k 


k = (100/16) [0.39049+0.05062-++0.01988-+ 
0.02012 —0.31992 — 0.00126] 
=0.999+ 


This example is of particular interest, 
as, in addition to illustrating the method 
of calculating k for rectangular tubular 
conductors, it reveals that for square 
tubular conductors—and these are com- 
monly used—the value of k for practical 
conductor spacings 1s unity. If the con- 
ductors are rectangular with long sides 
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perpendicular to the plane of axes, k will 
be less than unity; and if the short sides 
are perpendicular to the plane of axes, k 
will be greater than unity: in either case 
k can be calculated as above. 


Rppendit 


Considered as a function of 7 alone 
F=2K(D, s)—F(D+1, s)—F(D—r, 8) 


can be expanded in a power series about 
the point r=D. Accordingly, by Tay- 
lor’s theorem we have 


: oF(D, s)__rt o*F(D, s)_ 
oD? 23) OD 
r8 O8F(D, s) 
3-5! aD Sate atte a 


F=— 


where 


F(D, s) =1/2(D4—6D?s?-+s‘) log (D?+s?) — 
D‘ log D+4(sD3— Ds3) tan—1! (D/s) 


OF(D, s) _ = 2 2 2\eS 
aD = (2D’—6Ds?) log (D?+s?) 


4D3 log D+4(8sD*—s3) tan—! (D/s) —3Ds? 


OPED KIN eyes 2 
Sp? =6(D?—s?) log (D?+s?) 


12D? log D+ 24Ds tan—1 (D/s) —7s? 
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3 
ce Le a) log (D?-+s?) —24D log D+ 


ops 24s tan-! X (D/s) 
= 12D log (D?+s*)/D?—24sX 
tan—1 (s/D)+127s 
*F(D, 

oe 12 log (D*-+s?) 24 log D 
ObRUD, 5) ee 24s ae 

BDt modes 
OF, 9) 9, E aed 

oDéE - DI D252) 2 


orF(D, 2 -48| 1 =D*+3Ds? 
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The Carbon Arc—a Valuable 
Industrial Tool 


W.C. KALB 


FELLOW AIEE 


synopsis: The versatility of the carbon are 
is a source of both visible and invisible 
adiation is shown to be due, in part, to the 
hree basic types of operation to which it is 
idapted and also to the fact that the charac- 
er of its energy emission can be modified by 
-hanges in core composition. It is used in 
ts various forms for many photochemical 
ind irradiation processes, some of which re- 
juire specific bands of ultraviolet radiation 
yr close reproduction of the effects of natural 
sunlight. The carbon are is preferred in 
ther instances, because the optical require- 
nents of the application necessitate a light 
source of small area and extreme brilliancy. 
Several industrial and commercial uses are 
sited together with the characteristics which 
tive preference to the carbon arc as a 
source of radiation. 


HE present widespread industrial use 

of the carbon arc is due to certain char- 
acteristics or combination of character- 
istics in which it is superior to other avail- 
able sources of artificial radiation. Ca- 
pable of efficiently producing a large vol- 
ume of light, the original commercial ap- 
plication of the carbon arc was in the field 
of general illumination. It has been used 
extensively for street lighting and for the 
illumination of factories, auditoriums, and 
other large areas: Its present value is 
due, in large measure, to its versatility as 
2 source of invisible as well as visible radi- 
ation and extends into many fields other 
than those of general illumination. In 
some instances preferred solely for its 
visible radiation, the carbon arc is selected 
or other applications because of the char- 
acter and intensity of its invisible rays, 
while the choice at times may be due to 
he combination of visible and invisible 
‘ays which it supplies. 

Besides being a highly efficient source 
yf radiant energy in the visible and ad- 
acent invisible bands of radiation, the 
‘arbon arc is highly flexible in respect to 
yuality of emission. This flexibility is 
lue, in part, to the three basic types of 
yperation to which the electric arc between 
arbon electrodes can be adapted: 


Low-intensity operation between solid 
rx “neutral-cored”’ electrodes. 


. Low-intensity operation between elec- 
rodes having cores containing flame-sup- 
orting materials. 


High-intensity operation. 
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Distinguishing characteristics of these 
three types of arcs have been described 
in previously published articles.'? Briefly, 
the low-intensity are between solid or 
neutral-cored carbons is adapted to a 
relatively simple type of lamp mecha- 
nism. At high are voltage it is a very effi- 
cient source of ultraviolet in the range 
from 3,700 to 4,000 angstroms. The 
positive crater of the d-c low-intensity 
arc provides a steady concentrated light 
of the greatest brilliancy and whiteness 
available from a purely incandescent 
source. With a peak brilliancy of 180 
candles per square millimeter and an 
average color temperature of about 3,550 
degrees Kelvin, this type of are has been 
extensively used for searchlights and for 
motion-picture projection. It has yielded 
its dominant position in these fields only 
to the higher brilliancy, whiteness, and 
efficiency of the high-intensity carbon arc. 

The low-intensity flame-type arc, with 
the greater portion of its radiation ema- 
nating from the long are stream at a bril- 
liancy on the order of eight candles per 
square millimeter, is not so well adapted 
as the other basic types of arcs to use with 
optical systems that require a light source 
of small area and very high brilliancy. 
However, due to the large area of the 
flame, this type of arc emits a large vol- 
ume of radiation which is produced at 
high electrical efficiency. An important 
advantage of the flame arc is the wide 
range in quality of radiation that can be 
obtained by varying the composition of 
the core* and the uniformity in both qual- 
ity and intensity of radiation obtained 
from a particular type of carbon, when 
operated at specified are conditions. 
When cored with certain rare earth com- 
pounds, the flame are produces radiation 
so similar to that of natural sunlight in 
spectral composition that for many ap- 
plications its effects are practically iden- 
tical with those of sunlight. This light 
is the closest approach to natural sunlight 
of any artificial source having sufficient 
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June 22-26, 1942. Manuscript submitted April 3, 
1942; made available for printing May 6, 1942. 
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intensity for numerous industrial appli- 
cations. Other combinations of core ma- 
terials provide high emission of infrared or 
ultraviolet and permit emphasis on spe- 
cific bands of ultraviolet, corresponding 
to the wave lengths at which most rapid 
reaction is obtained in certain photochemi- 
cal and irradiation processes. 

The high-intensity carbon are is char- 
acterized by its very high crater bril- 
liancy, 350 to 1,200 candles per square 
millimeter, and—with the core composi- 
tion used in all but certain high-intensity 
therapeutic carbons—by the even dis- 
tribution of all colors in its spectrum. The 
crater brilliancy of 1,200 candles per 
square millimeter is obtained from a new 
positive carbon only recently made avail- 
able for use. A brilliancy of 2,000 candles 
per square millimeter has been attained 
with an experimental type of carbon not 
yet available for commercial application. 
The appearance of the d-c high-intensity 
arc is illustrated in Figure 1. Color tem- 
perature of the light from high-intensity 
arcs used in motion-picture projection 
averages about 5,800 degrees Kelvin. 
Maintenance of the high-intensity effect 
is dependent on the position of the elec- 
trodes in relation to each other. This re- 
lationship is maintained by continuous 
and accurately controlled feeding of the 
electrodes, and, in some of the larger high- 
intensity arc lamps, the positive carbon 


High-intensity carbon arc with 
rotating positive electrode 


Figure 1. 
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is rotated, in order to maintain a sym- 
metrical crater formation. The principal 
use of this highly concentrated source of 
illumination is for searchlights and for 
motion-picture production and_ projec- 
tion. 

Summarizing the advantages which 
give the carbon are an important place in 


Figure 3. High-intensity carbon-arc lamp 
with Fresnel-type lens 
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Figure 2. Twin-arc, 

‘motor - controlled 

lamp used for broad- 
side lighting 


industry, the following points may be 
noted as available in one or more of the 
basic types: 

1. Very high output of radiant energy from 
a single source. 

2. Flexible quality of energy emission. 


3. Close approximation to natural sun- 
light. 


4, Uniform quality and intensity of emis- 
sion at specified arc conditions. 


5. Output unaffected by age or period of 
operation. 


36-inch sun arc 


Figure 4. 
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Four-arc carbon-arc solarium unit 


Figure 5. 


6. High intrinsic brilliancy, adapted to 
optical systems requiring a highly concen- 
trated source of radiation. 


7. Shape of light source and distribution of 
brilliancy adapted to simple optical systems. 


8. High efficiency in production of both 
ultraviolet and visible radiation. 


The carbon arc was adopted at an early 
date as an artificial source of illumination 
for photography and allied photochemical 
industrial processes, such as blueprinting, 
photoengraving and photolithography. 
High actinic power, color quality, and 
adaptability to high illumination inten- 
sities are among the major reasons car- 
bon-are lighting was adopted by these in- 
dustries and are still major factors in the 
extension of its use. Early photographic 
emulsions, sensitive principally to blue, 
violet, and ultraviolet radiation, react 
rapidly to the light of the low-intensity 
arc. This was the only type of arc avail- 
able when photographers first turned to 
artificial lighting. As the sensitivity of 
photographic emulsions was extended 
through green to yellow and orange wave 
lengths, the white-flame arc, by that time 
available, was adopted, because its higher 
output of visible-radiation gave greater 
speed and better photographic quality 
than the neutral-cored carbon are. With 
modern photographic emulsions, sensi- 
tive to all colors of the spectrum, the ad- 
vantages of the even distribution of color 
in the light from the white-flame arc have 
been further emphasized. 

The high photographic speed of the 
white-flame carbon are and its similarity 
to daylight made it the preferred artificial 
light source for. photoengraving and 
photolithography, even when production 
in these industries was predominantly 
monochromatic. The growing popularity 
of natural-color reproduction in the 
graphic arts emphasizes the value of a 
light which provides all of the spectral 
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colors at essentially equal intensity. 
High-intensity arcs are used in photo- 
lithography for large-sized reproduction 


by the projection method. 


The motion-picture studios depend 
chiefly on carbon-are lighting for natural- 
color photography. This also is due to the 
need for an even balance of the primary 
colors. The color balance of the light 
from carbon arcs, as adapted to studio 
use, conforms so closely to that of sun- 
light that the two are considered essen- 
tially equivalent for photographic pur- 
poses. The type of lamp generally used 
for broadside lighting is shown in Figure 
2. This lamp has a motor-driven feeding 
mechanism which maintains very steady 
light output and is extremely quiet, per- 
mitting operation in proximity to the 
microphone without difficulty. It uses a 
special white-flame 


earbon producing 
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Figure 6. Interior of 
carbon-arc acceler- 
ated-weathering unit 


light with a color temperature of 4,650 
degrees Kelvin almost perfectly balanced 
to the color sensitivity of motion-picture 
film, and requiring no color-correcting 
filter. 

High-intensity arc lamps equipped with 
a Fresnel-type lens, as illustrated in Fig- 
ure 3, are used for back lighting, cross 
lighting and key lighting and for both 
wide and narrow beam front and effect 
lighting. High-intensity “‘sun arcs,’’ with 
24-inch and 36-inch mirrors, Figure 4, 
are used for extremely long throws, for 
sharply outlined shadows, or to provide 
a clearly defined beam of light through the 
general illumination. Because of their 
ready adaptability to the needs of the 
studio and to modern photographic tech- 
nique, many cinematographers are using 


Figure 7 (left). 
Carbon-arc acceler- 
ated-fading unit 


Figure 8 (right). 
Three-phase carbon- 4 
arc milk-irradiating =a 


unit—open 
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Figure 9. Energy emission from three-phase 
60-cycle flame arc 


carbon ares as the principal source of il- 
lumination for monochromatic as well as 
for color productions. 

For background projection or process 
photography a light source of tremendous 
power is required to project the back- 
ground scene through the screen at an in- 
tensity comparable to that of the lighting 
on the set. Only the high-intensity car- 
bon arc has sufficient power for this pur- 
pose. In fact, three background pro- 
jectors are sometimes used, synchronized 
with each other and with the camera, 
each projecting the same scene in exact 
register through the screen. The pre- 
cision of mechanism and optical elements 
which has made possible this intricate 
projection system is a major engineering 
accomplishment. 

The high-intensity carbon arc is an ideal 
light source for searchlights, because its 
tremendous output is concentrated in a 
This permits the light 


very small area. 
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Figure 10. Distribution of radiant energy from 
flame arc used in milk irradiation 


Dotted curve—At 80 amperes, 60 volts, a-c 
Solid curve—At 80 amperes, 50 volts, a-c 


to be focused by the lens or reflector of 
the searchlight into a beam of small diver- 
gence and high penetration. The high- 
intensity searchlight with 16-millimeter 
positive carbon, operated at 150 amperes 
and 78 volts, and using a 36-inch reflector, 
projects a beam of considerably more 
than 100-million beam candle power and, 
with a 60-inch reflector, the beam candle 
power is well over 500 million. At 195 
amperes and 84 arc volts the beam candle 
power is 30 to 50 per cent higher than at 
150 amperes. Exact candle power of the 
beam is dependent on shadow losses, 
glass absorption, and the optical charac- 
teristics and reflection factor of the mir- 
ror. 

Carbon arcs were used for motion-pic- 
ture projection from the earliest days of 
the industry and are in practically uni- 
versal use for theater projection today. 
No other commercially available light 
source provides light of suitable power, 
concentration, and color quality to meet 
the projection requirements of motion- 
picture theaters. The present trend is 
toward replacement of low-intensity pro- 
jection lamps with high-intensity lamps 
of simplified design. This trend results 
from increasing recognition of the need 
for higher levels of illumination and also 
from popular demand for fidelity of color 
reproduction in the presentation of natu- 
ral color features. Approximately 50 
per cent of the light from the low-inten- 
sity carbon arc is in the orange and red 
portion of the spectrum. This color com- 
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position overemphasizes the red com- 
ponents in color pictures. Theatrical film 
of this type is processed for projection 
with light having approximately equal in- 
tensities of the three primary colors, a 
condition which the high-intensity arc 
fulfills most acceptably. The develop- 
ment of high-intensity projection lamps 
which require little more than one kilo- 
watt at the arc has put the cost of high- 
intensity projection light essentially on 
the same level as that of low-intensity 
light, and has made it available to thea- 
ters which could not previously afford to 
operate high-intensity lamps. Other ap- 
plications of the carbon are for projection 
purposes include stereopticon projectors, 
spotlights, and theatrical ‘‘effect’’ light- 
ing. 

Since the discovery by Finsen that radia- 
tion from the carbon are provides a cure 
for certain physical disorders, carbon-are 
lamps have been extensively used in light 
therapy. The flame-type carbon arc is at 
present preferred for this purpose, because 
of its versatility in respect to quality of 
radiation. With one type of carbon close 
simulation of the physiological effects of 
sunlight is obtained. Other types give 
powerful emission in specific bands of 
ultraviolet. Still another type has mild 
ultraviolet emission, combined with a 
high output of penetrating radiation of 
longer wave length. All of these carbons 
can be burned in the same lamp. A large 
carbon-are solarium unit, such as that 
illustrated in Figure 5, provides radiation 
of suitable intensity for light therapy over 
a circle of 20 standard solarium cots. 

The increasing importance of quickly 
determining the resistance of various ma- 
terials to deterioration under the action of 
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Recording-ammeter chart from 
unit shown in Figure 6 


Figure 11. 


sunlight has resulted in the almost uni- 
versal adoption of the carbon are as the 
source of radiation in accelerated testing 
units. This, again, is due to the fact that 
the quality of radiation delivered and the 
resulting effects are comparable to those 
of natural sunlight. Furthermore, radia- 
tion can be provided at an intensity 
which greatly accelerates the rate of de- 
terioration and, being available 24 hours 
a day at constant intensity every day of 
the year, allows conclusive evidence of 
product quality to be obtained in much 
less time than is possible by means of out- 
door tests. 


In accelerated weathering units, such 
as that illustrated in Figure 6, test sam- 
ples are carried on a rack which revolves 
At a portion of 
their revolution the samples are exposed 
to a water spray. The weathering action 
of water, air, thermal shock, and radiation 
of sunlight quality are thus combined in 
one test, the conditions of which can be 
exactly reproduced at any time and in any 
location. The unit illustrated employs a 
60-ampere, 50-volt single-phase, a-c flame 
are operated through a transformer from 
a 230-volt line. There are two upper and 
two lower carbons, but the are burns be- 
tween only one pair at a time. This unit 
accommodates 64 samples at one time. 
Paints, lacquers, enamels, varnishes, plas- 
tics, rubber and rubberlike materials, 
roofing and building materials, materials 
for leggings, tents, and tarpaulins, and 
special types of glass are included in the 
list of products for which accelerated test- 
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ing is now a standardized procedure. 
-omparative records made by users of 
these units indicate that an exposure of 
30 hours in the unit described is approxi- 
mately equivalent to one month of out- 
door exposure. 

Units designed for comparing the color 
astness of dyes, dyed fabrics, paper, plas- 
‘ij cs, and other products do not have the 
water spray that is provided in the weath- 
ering unit but usually have provision 
‘i maintaining an adjustable degree of 
humidity. The unit shown in Figure 7 
: a 30-ampere, 40-volt, single-phase are 
damp, operated through a transformer 
from a 230-volt line. This lamp has three 
upper and three lower carbons, but the 
arc burns between only one pair at a time. 
This allows it to operate continuously 
for 24 hours without retrimming. The 
revolving rack carries 18 sample holders, 
curved to the mean radial distance of 
10!/, inches from the are. 

_ Recognition of the dietary importance 
of vitamin D has led to extensive use of 
carbon-are lamps as a source of ultra- 
violet for increasing the vitamin-D po- 
tency of milk. Several types of carbon- 
are milk irradiators are in use, one of the 
most efficient of which employs a 12- to 
14.4-kw, three-phase, carbon-are lamp 
with 80 amperes and 50 to 60 volts at 
each arc. This unit is shown in open posi- 
tion in Figure 8. In operating position 
the lamp is centrally located within the 
large drum. Besides making available 
in small space a high intensity of radiant 
energy, the three-phase carbon are in- 
sures a continuously high level of energy 
emission as illustrated in Figure 9. Ultra- 
violet, the activating agency, does not 
penetrate milk to appreciable depth, and 
portions of the rapidly flowing film of milk 
in an irradiator may reach the exposed 
surface only during low-emission portions 
of the energy cycle from a single-phase 
source. Experience has demonstrated 
that the effectiveness of the irradiation 
process is increased by maintaining a con- 
tinuously high level of energy emission. 
Since the flame-type arc operates more 
efficiently on alternating than on direct 
current, due to the use of reactance in- 
stead of resistance ballast, the polyphase 
arc is the most practicable means of main- 
taining a high-emission level. 

Some objection to the irradiation process 
for increasing vitamin-D potency of milk 
has resulted from the use of sources of ul- 
traviolet which produce considerable 
ozone and result in impaired flavor. The 


‘ 
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carbon arc is free from this objection, 
Coltman and MacPherson‘ have shown, 
by a method of spectroscopic analysis 
capable of clearly detecting 14 parts per 
hundred million, that no ozone above 
that concentration is present in the gases 
surrounding the carbon are. Further- 
more, producers of both fluid and evapo- 
rated milk have found that a vitamin-D 
potency of 400 USP units per quart can 
be obtained by carbon-are irradiation 
without impairing the natural flavor of 
the milk. 

Figure 10 shows the distribution of 
radiant energy from the type of flame 
carbon found most effective for milk ir- 
radiation. With these carbons the unit 
shown in Figure 8 is capable of activating 
8,000 to 10,000 pounds of fluid milk per 


Portable ultraviolet carbon-arc 
lamp in carrying case 


Figure 12. 


hour to a potency of 400 USP units per 
quart. 

Uniformity of radiation from the large 
carbon-are lamps used in the industrial 
testing, and irradiating units here de- 
scribed is obtained by a motor-driven 
carbon feeding mechanism which pro- 


_vides automatic control of arc current. 


Accuracy of control has been greatly im- 
proved by the use of a 96-pole, 75-rpm re- 
versible synchronous motor to drive the 
feeding mechanism. Because of its slow 
speed the rotor of this motor has little 
momentum and does not have the tend- 
ency to overrun, after opening of the 
motor-control relay, which is character- 
istic of high-speed motors. Hunting is 
thereby practically eliminated. Steadi- 
ness of arc-current control realized in 
practice is shown by the recording am- 
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meter chart from an accelerated weather- 
ing unit reproduced in Figure 11. The 
momentary peaks at approximately 40- 
minute intervals indicate the shift of the 
are from one pair of electrodes of the dual 
carbon trim to the other. 

The applications of the carbon are 
which have been cited are representative 
of the more extensive uses of this versatile 
source of radiation for industrial pur- 
poses. Carbon-are lamps are used also 
to provide light of daylight quality, 
closely controlled in color composition 
and intensity, for critical matching of 
color. Ultraviolet radiation from car- 
bon ares is used in the processing of to- 
bacco and other commercial products and 
in the preparation of certain pharmaceu- 
tical materials. Spectroscopic carbon and 
graphite electrodes of very high purity are 
used for spectroscopic analysis and as a 
source of radiation of reproducible in- 
tensity and spectral energy distribution 
for high temperature calibration and for 
color standardization.5 The ash content 
of these special electrodes is considerably 
below 0.001 per cent. A portable carbon- 
arc lamp fitted with ultraviolet filter, 
Figure 12, is used in both laboratory and 
field for fluorescence inspection and an- 
alysis. Many of these lamps are used in 
crime detection. Other important in- 
dustrial applications of the carbon arc, 
entirely outside the field of illumination, 
are in electric welding and in electric arc 
furnaces used for a variety of electro- 
chemical and electrometallurgical proc- 
esses. Although no longer before the eye 
of the general public, as when carbon-are 
lamps hung on every street corner, this 
source of radiant energy is today more 
widely used and of greater industrial 
value than at any time in the past, and 
further extension of its commercial and 
industrial applications may confidently be 
expected. 
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A New Moving-Magnet Instrument 


for Direct Current 


H. T. FAUS 


MEMBER AIEE 


Synopsis: A new type of d-c instrument is 
described in this paper. It comprises a dia- 
metrically magnetized cylindrical moving- 
magnet element, a hollow copper damping 
cylinder surrounding the moving element, a 
fixed coil, control magnets having a very 
high coercive force, and an enclosing mag- 
netic shield made of mumetal. The field of 
the control magnet and the field of the fixed 
coil have a relatively large angular displace- 
ment. The angular position of the vector 
sum of these fields varies with the current 
through the coil, and the moving element 
follows this vector. The scale distribution 
is nearly uniform for a 90-degree scale. 
The characteristics compare favorably in 
many respects with those of a D’Arsonval 
instrument. 


ERSTED’S discovery that a compass 
needle tends to set itself at right 
angles to a wire carrying an electric cur- 
rent provided the basis for the design of 
the first electromagnetic indicating in- 
strument, which consisted of a coil of wire 
surrounding a magnetized needle. This 
in turn led to the development of the 
astatic galvanometers of Nobili and Kel- 
vin and of the sine and tangent forms of 
galvanometer. These latter instruments, 
which depended upon the earth’s field for 
their control torques, were obviously un- 
suited for use as portable instruments. 
Ayrton and Perry, in designing the first 
portable d-c ammeter, used a large per- 
manent magnet to produce a controlling 
field. In this instrument the polarization 
of the vane was derived from the fixed 
permanent magnet rather than from its 
own permanent magnetism. Since the 
field of the control magnet had to be so 
strong that the earth’s field was negligible 
by comparison, the field of the coil had to 
be correspondingly strong in order to de- 
flect the vane. This made the sensitivity 
of the instrument inherently low, since so 
many ampere turns were required to ex- 
cite the field. Modifications of the Ayr- 
ton—Perry instrument are used for auto- 
mobile ammeters, and similar applica- 
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tions where low cost and ruggedness are 
important, and where sensitivity and high 
accuracy are not required. 

The principle of the permanent-magnet 
moving-coil galvanometer as developed 
by Sturgeon, Kelvin, and D’Arsonval was 
used by Weston in the design of the first 
moving-coil portable instrument. This 
principle is now generally used in all d-c 
instruments of high accuracy and high 
sensitivity. 


Development of New Moving-Mag- 
net Design 


Although highly sensitive suspended 
magnet instruments have been built, no 
portable moving-magnet instruments 
have come into general use. ‘‘Moving- 
magnet instrument” is here intended to 


2123-1 


FLUX PATH 
| 


A 


CONTROL 
MAGNETS Nes 
MAGNE TIC 
SHIELD 


aera ene I 
io) 


| 
1 
1 
| 
| 
i) 
! 
| 
1 
PoE 


Path of control-magnet flux in 
magnetic shield 


Figure 1. 


denote’an instrument in which the magne- 
tomotive force of the moving element is 
much greater than that produced by the 
fixed coil or by the fixed control magnets. 

In an instrument of high sensitivity, the 
field of the fixed coil will be rather weak 
because of the small power available for 
producing it. This means that the instru- 
ment must be well shielded against stray 
fields which, even in the case of the earth’s 
field, would be comparable in strength 
with the field produced by the instrument 
coil. This is accomplished by enclosing 
the moving magnet, coil, and control mag- 
nets in a cylindrical cup of magnetic ma- 
terial of high permeability and low coer- 
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cive force. Permalloy or mumetal? are 
suitable materials for this shield. 
Controlling torque may be obtained 
either from a magnet or from a spring. 
In this instrument a magnet was pre- 
ferred because of ease of adjustment and 
other considerations. Since the control 
magnet must be placed within the shield, 
it must be very short in the direction of its. 
magnetization and must have its magneti-_ 
zation unaltered by the field of the moving 
magnet. It is apparent that a material of 
very high coercive force is required. This 
requirement is met by an alloy of silver, 
aluminum, and manganese which was. 
first described by Potter.*:* This alloy 
has a coercive force (;H,) of 6,000 oer- 
steds and a residual induction of 610 


gausses. It is unique among permanent- 
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Figure 2. Relative positions of moving mag- 
net, control magnets, magnetic shield, and 
pointer 


magnet materials in having a coercive 
force of this high value. The high coer- 
cive force enables the control magnets, 
which are in the form of thin strips, to be 
magnetized in the direction of their thick- 
ness. As shown in Figure 1, these mag- 
nets are mounted on opposite ends of a 
diameter inside the cup so as to produce a 
control field in the direction of this diame- 
ter. The strength of this field may be de- 
creased or increased by inserting or with- 
drawing one magnet through a hole in 
the bottom of the shield as shown in the 
right-hand magnet in Figure 1. This ad- 
justing motion is parallel to the axis of the 
cylinder and does not affect the direction 
of the control field in the plane in which 
the moving magnet turns. Thus, it con- 
trols the sensitivity without affecting the 
zero setting or the scale distribution of the 
instrument. 

The moving magnet should have a 
small moment of inertia in order to give 
good responsiveness and damping. At the 
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<a a. my * é 
e time it should provide a strong field 
order to give as high torque as possible. 
ce the moving element must revolve 
through an arc of 90 degrees or more, the 
largest volume of permanent-magnet 
material can be put into a rotor which is 
bounded by a surface of revolution. From 
these considerations it appears that a cy- 
lindrical shape will be suitable for the 
moving magnet. A cylindrical magnet, 
magnetized along its diameter, has a very 
small ratio of length to cross-sectional 
area and, hence, should have a much 
larger ratio of coercive force to residual 
induction than that of any of the com- 
monly known magnet steels. The silver 
alloy used in the control magnets does not 
have a sufficiently high residual induction 
for this application. A very good mate- 
-_rialis an oxide magnet made of a mixture 
of iron and cobalt oxides.* This material 
has a coercive force of approximately 950 
_oersteds, a residual induction of 2,200 
-gausses, and a BXH maximum value of 
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Figure 3. Diagram of complete moving- 
magnet-instrument element 


approximately 10°. The specific gravity 
of this material is half that of steel. Since 
the factor of merit of an electrical instru- 
ment depends on the weight of the moving 
element, this material is equivalent to 
steel having twice this BX H maximum 
value. Figure 2 shows the cylindrical 
magnet mounted within the shield and 
control-magnet assembly. 

The field of the moving magnet has no 
appreciable effect on the permanent mag- 
netization of the control magnets, because 
their coercive force is so high as to require 
a much stronger field to magnetize or de- 
magnetize them. The field of the control 
magnets is much weaker than that of the 
moving magnet and likewise has no ap- 
preciable effect on its permanent magneti- 
zation. The shield material is of such low 
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Figure 4. Vector diagrams of fluxes at inter- 
vals of 20 per cent of full-scale current 
(A) Control magnet flux 


(B) Coil fluxes for currents indicated by sub- 
scripts 


(C) Resultant fluxes 


coercive force as to be practically inca- 


pable of acting as a permanent magnet. 
It is evident that under the conditions of 
operation no appreciable shift in the per- 
manent magnetization of any of the parts 
is possible, and hence the instrument will 
have negligible hysteresis errors. 

The current-conducting coil is placed 
in the circuit to produce a magnetic flux 
at an angle of 135 degrees from the flux 
of the control magnets. This coil is shown 
schematically in Figure 3. 

The vectorial relationship of the con- 
trol-magnet flux and coil flux is shown in 
Figure 4. Vector B represents the coil 
flux. This flux is proportional to the cur- 
rent flowing in the coil and is shown in 
various magnitudes with the subscript in- 
dicating the percentage of maximum cur- 
rent. These B subscript vectors add to 
vector A to produce vector C with sub- 
scripts as shown, 

The polarized rotor will turn to a. posi- 
tion parallel to vector C subscript. It 
should be noted that, although vector C 
may vary in magnitude as well as direc- 
tion, only the directional changes can 
cause the rotor to turn. 

In Figure 5 the angular position of vec- 
tor C is plotted with the per cent coil cur- 
rent. Since this angular position is the 
same as the pointer position, the plot 
shows the scale distribution obtained 
from an instrument of this type. The 
maximum deviation from uniformity, as 
shown by the straight dotted line, is five 
degrees. 

It is at once apparent, if changes in 
magnitude of vector B produce directional 
changes in vector C, that like changes in 
magnitude of vector A will also produce 
the same effect. Use of this fact is made 
in calibrating the instrument to a prede- 
termined full-scale current value. This is 
accomplished, as previously mentioned, 
by sliding the adjusting magnet of Figure 
2 in or out of the metal shield cup, and 
thus changing the amount of control- 
magnet flux as represented by the magni- 
tude of vector A. 

Figure 6 is a ctit-away view of one of 
the instrument elements.° 


Faus, Macintyre—New Moving-Magnet Instrument 


The element shown has polished steel 
pivots moving in brass bearings, This 
type of bearing can be used where torque- 
to-weight ratios are sufficiently high, 

The copper damping cylinder is used to 
bring the rotor to rest rapidly, by means 
of eddy currents induced by the rotor. 

The field coil is wound at an angle 
across the molded coil form and not paral- 
lel to the rotor axis, as shown schemati- 
cally in Figure 4. This was done for me- 
chanical reasons and in no way changes 
the previously discussed considerations, 
since the field of the coil has a component 
in the plane of vector B. 

Zero adjustment is accomplished by ro- 
tating the whole element assembly by 
means of an arm welded to the bottom of 
the shielding cup. 

The magnetic shielding is completed by 
means of a mumetal washer on the top of 
the molded coil form. 

The element as measured on the outside 
of the shielding cup is approximately 
three-fourths inch in diameter, and one- 
half inch long. 


Conclusions 


In production quantities the element 
has been applied to only one device. This 
is a dual-range storage-battery testing 
type of voltmeter shown in Figure 7. Here 
it was possible to use brass bearings. In 
all applications seen’ by the authors of 
moving-coil permanent-magnet instru- 
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magnet instrument 


Figure 5. 


ments to similar devices, jewelled bearings 
are used. 

Table I shows the physical constants of 
these voltmeters. 

The elements are adjusted to fit prede- 
termined scales to an accuracy of +2 per 
cent of full-scale reading. 

No hysteresis error (measured by tak- 
ing calibration at the same point with de- 
scending and ascending currents) can be 
detected. 

The instrument, when placed in a stray 
field of ten gausses in such a manner as to 
produce maximum errors, changes read- 
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Figure 6. Cross section of moving-magnet 
instrument 


ings approximately one-half of one per 
cent of full-scale reading. 

The temperature errors of these indica- 
tors show some peculiar characteristics 
because of the high magnetic temperature 
coefficient of the silver alloy control mag- 
nets. With 10 per cent copper in the cir- 
cuit, the element shows an error of —4 
per cent at —40 degrees centigrade and 
+2 per cent at +50 degrees centigrade. 
With 35 per cent copper the error at —40 
degrees centigrade is +1 per cent, and at 
+50 degrees centigrade approximately 0 
per cent. The per cent errors are devia- 
tions from readings taken at 20 degrees 
centigrade. This makes it possible to 
build a voltmeter of low temperature coef- 
ficient with a high ratio of coil to series 
resistor resistance. Temperature com- 
pensation of ammeters may be obtained 
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voltmeter with 
moving-magnet element 


Figure 7. Battery-testing 


by a shunt resistor having a low tempera- 
ture coefficient of resistance. 

The element as used in these battery 
testers withstood considerable abuse. 
Several were tested by dropping 30 inches 
onto hard wood and concrete floors. No 
changes were noted except in one case 
where the adjusting magnet came loose. 

The authors feel the element has inher- 
ently lower cost features and will with- 
stand more abuse than the conventional 
moving-coil permanent-magnet element. 
By extending the design to the use of 
jewels, the sensitivity can be increased. 
Although it cannot reach the higher sen- 
sitivities of moving-coil permanent-mag- 


Faus, Macintyre—New Moving-Magnet Instrument 


Table | 


1. Scale angle 90 degrees 
2. Seale radius 115/32 inches 
3. Scale length 25/16 inches 
4, Full-scale torque (T)* 0.35 millimeter-gram 
5. Weight (W) 0.205 gram 
6. Ratio T*/W ist 
7. Ratio T*/W 1.5 3.9 
8. Response 1.5 seconds 
9. Rating 3/10 volts 

10. Ohms per volt 20 

11. Coil resistance 20 ohms 

12. Coil watts (full-scale) 0.05 

13. Coil ampere-turns (full- 

scale) 14 


*The full-scale torque shown (7) should be multi- 
plied by approximately 3/2 to be comparable to the 
conventional 90-degree torque of moving-coil instru- 
ments. This is for the reason that the torque- 
versus-angular-displacement curve of the moving- 
magnet instrument is roughly sinusoidal and not 
linear as in the case of the moving-coil instrument. 
The 3/2 figure comes from extending the slope of the 
torque-displacement curve from near the origin, to 
the 90-degree point. This is logical, since it is the 
increment of torque-near-zero displacement which 
determines the inherent friction ‘‘stickiness’’ of the 
indicator. 


net design, this moving-magnet element 
can be produced in sensitivities high 


enough to fit many applications now using 
the latter design. 
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‘Sleet Preble. on Electrified Railroads 
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Synopsis: Sleet storms, or more properly 
ice storms, have always presented serious 
difficulties to the operators of overhead 
electric conductors of all classes. For more 
than 25 years some electric-power companies 
have been using the circulation of electric 
current to heat the conductors, either to 
melt off the ice or to prevent it from form- 
ing. The technique of such procedure is 
well-known and will not be dealt with in 
this paper, other than to present funda- 
mental theoretical data. 

Electrified railroads operating with over- 
head contact systems have similar ice 
storm problems, and, in addition, a number 
of special problems caused by such ice. 
These problems are outlined in this paper, 
and some means which have been used or 
proposed for their solution are described. 
Operating experience with one special ap- 
plication to a case of severe exposure to ice 
storms and high wind velocities is cited. 
Some of these special railroad problems have 
not yet been satisfactorily solved. 


General Problems 


HE accumulation of ice caused by 

freezing rain, also known as sleet or 
glaze, on overhead electric conductors has 
always presented problems to be dealt 
with by operating engineers as well as by 
the designing engineers of such systems. 
Ice loads must be taken into account in 
calculating the strength of the conductors 


and their supporting structures, and the: 


National Electrical Safety Code5 has set 
forth the different values of radial thick- 
ness of ice which may be expected to occur 
in the various parts of the United States. 
However, even the most liberal provisions 
for ice loads are exceeded during the oc- 
casional unusually severe ice storms, and 
the conductors and even their supporting 
structures may then fail. 

Ice storms are frequently followed by a 
drop in temperature accompanied by 
high-velocity winds, and both the de- 
signers and the operators are then faced 
with additional problems, for to the static 
ice loads may be added dynamic forces 
caused by swaying loads, and under cer- 
tain critical wind velocities ice-covered 
conductors will whip up and down and 
“dance” violently even to the extent of 
destroying themselves or their attach- 
ments to their supporting structures. 

To mitigate all these effects, which can- 


not always be provided for economically’ 


in the design, ice melting by heating the 
conductors with electric current has been 
resorted to by many power companies. 
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This is done by loading the lines to capac- 
ity where possible, by load concentration 
or exchange with connected supply lines, 
or by the circulation of sufficient electric 
current at a voltage lower than normal; 
and routine procedures have been estab- 
lished during such storms to remove or to 
prevent the forming of ice on the conduc- 
tors by these means, 

The theory of such current require- 
ments and the various operating tech- 
niques used have been reported in the 
technical press and in papers before opera- 
tor associations from time to time during 
the past few years, some of which are 
listed herein for reference. 


Special Railroad Problems 


Electrified railroads having overhead 
contact systems and associated power 
feeders must deal not only with the same 
general problems of this nature that elec- 
tric-power-transmitting companies have, 
but in addition they have a number of as- 
sociated problems peculiar to themselves 
to contend with during ice storms. Some 
of these are: 


1. On the contact wire, the ice accumula- 
tion, in itself a poor conductor, interferes 
with the current collection if it becomes too 
thick and causes severe arcing, which can 
seriously damage the contact conductor by 
burning and pitting; and can even cause 
flashovers where clearances to grounded 
structures are limited or reduced. Fre- 
quently the collector shoe can be burned in 
two by such arcing before many miles have 
been traveled. Contact wire wear is in- 
creased by the roughened collector shoe, and 
the fine polish acquired by months of lubri- 
cation or otherwise, may be destroyed. 


2. The static ice load on the catenary con- 
tact system may become great enough to 
distort the vertical alignment by greatly 
increasing the sag at the center of the span, 
causing the collector shoe to skip and arc 
at the suspension points, since the panto- 
graph is usually sluggish in its action under 
such conditions. Where heavy ice accumu- 
lations are known to be possible, thé de- 
signer should weigh this factor in the selec- 
tion of span length, especially if high-speed 
operation is involved, since this distortion 
will increase directly with the square of the 
span length for the same weight of ice. 


Paper 42-121, recommended by the AIEE com- 
mittee on land transportation for presentation at 
the AIEE summer convention, Chicago, Ill., June 
22-26, 1942. Manuscript submitted April 14, 
1942; made available for printing May 11, 1942. 


H. F. Brown is assistant electrical engineer with 
the New York, New Haven, and Hartford Railroad 
Company, New Haven, Conn. 
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With inclined catenary construction, the 
increase in static load may distort the hori- 
zontal alignment enough to dewire the col- 
lector shoe on long spans on curves of long 
radius. Here again the remedy lies with the 
designer by using shorter spans or applying 
adequate horizontal bracing. 


3. The additional wind load on the ice- 
covered contact system may result in fur- 
ther alignment distortion caused by hori- 
zontal sway, or in vertical “dancing,” which, 
even if not severe enough to damage the 
overhead system, is in itself detrimental to 
continuous current collection and to high- 
speed operation and continuous tractive 
effort. Violent dancing may under ex- 
tremely severe conditions wreck the line. 
Adequate bracing to take care of horizontal 
sway may have no beneficial effect on and 
may even augment this vertical dancing 
under critical conditions. 


4. The ice accumulation on the panto- 
graphs and overhead collector shoes may 
add so much extra weight to these parts as 
to completely nullify the normal spring 
tension which holds the shoe against the con- 
tact wire. Then the pantograph will drop 
away from the wire or will not rise again 
after having been depressed, where the con- 
tact wire is lower than normal, as under a 
highway bridge or other low overhead 
structure. A means of augmenting the 
normal spring pressure, by added air pressure 
or otherwise, is one means of overcoming 
this difficulty; but it must be remembered 
that the pantograph pressure cannot be 
made too great without affecting the con- 
tact system. 


5. Electric melting of ice on the overhead 
contact system may require larger currents 
than are available, since such systems are, 
in general, designed with more conduc- 
tivity and for heavier currents than in the 
average power-transmission lines, which are 
usually of much higher voltage. Further, 
even when large currents can be applied, 
they may concentrate in the messenger or 
in some associated wire other than the con- 
tact wire, as some contact systems may be 
designed to have most of the conductivity 
in some member other than the wearing 
wire. In general, it is desirable to have the 
heating take place in all the members of 
the contact system, to overcome the diff- 
culties outlined in paragraph 2 above as 
well as those in paragraph 1. 


6. Unlike ice-melting schemes used on 
power-transmission lines, any electric ice- 
melting scheme used on an overhead con- 
tact system must allow of being superim- 
posed on the contact system circuit while it 
is normally energized with traction power 
for train operation; that is, the heating cur- 
rent must be of such characteristics that it 
will not interfere with the electric operation 
of trains supplied with power from that same 
wire or circuit. For example, it is obvious 
that direct current cannot safely be super- 
imposed on a-c circuits without the danger 
of saturating the a-c equipment and render- 
ing it inoperative or possibly damaging it by 
overheating. If it becomes necessary to re- 
move the traction power to apply a heating 
current of different voltage or characteristic 
—as may be done often on power transmis- 
sion lines—there would be no advantage of 
such a method over the suspension of elec- 
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tric operation entirely and the substitution 
of steam or other form of motive power for 
the duration of the storm—an extremely 
inefficient, if not impossible procedure on a 
system having dense traffic. 


Within the past two or three years, 
several unusually severe ice storms in 
the northeastern part of the United 
States have caused all of the electrified 
railroads in this section which operate 
under an overhead contact system to give 
more attention to these special problems, 
with the objective of preventing the ice 
from forming on the contact wire or col- 
lector parts, or of removing the accumu- 
lated ice before the deposit becomes un- 
duly troublesome. 

This paper will discuss some of the 
various solutions which have been found 
or suggested for these special railroad 
problems, rather than those which have 
generally been applied to power trans- 
mission lines. Some of the fundamental 
data are applicable to these special prob- 
lems, as well as the general problems, and 
hence are included herein for reference. 


Electric Heating of Overhead 
Conductors 


Pender’s Handbook gives the following 
formula for the value of the current, J, 
required to heat a conductor: 

Ta? 


T=K Sea 
if 


where 


T is the temperature rise in degrees centi- 
grade 

d is the diameter of the conductor in inches 

ry is the resistance of the conductor in ohms 
per mil—foot at final temperature 

K is a constant depending upon surface con- 
dition of wire; whose value is (approxi- 
mately) 800 in still air and 1,000 in open 
air for solid wire; and 1,200 in open air 
for stranded conductors 


F. R. Longley of Western Massachu- 
setts Companies in an excellent paper on 
this subject presented at a symposium of 
System Operators of New England at 
Montpelier, Vt., June 25, 1937, has de- 
veloped the curves shown in Figures 1 
and 2, which show the amperes required 
to heat conductors in still air, and the 
cooling effects of cross winds on the tem- 
perature rise, respectively. His formula 
was developed from data reported by 
Schurig and Frick.? It is to be especially 
noted that low wind velocities cause a 
marked reduction in temperature rise, 
while wind velocities in excess of 15 or 20 
miles per hour do not produce much addi- 
tional reduction. It is obvious that all 
these formulas are applicable to railway 
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Figure 1. Current required to raise the tem- 
perature of a conductor from 0 to 150 degrees 
centigrade in still air (Longley) 


This current is recommended for ice melting. 

Maximum temperature rise out of doors prob- 

ably will not exceed 120 degrees centigrade, 

due to cooling effect of minimum crosswise 

wind velocity of one mile per hour. Con- 

ductors will not anneal below 175 degrees 
centigrade 

For copper !/=17.5 (MCM)?- 696 

For steel-reinforced aluminum 


1=14.3 (MCM)?-08 


feeders and to the various wires of the 
catenary contact system. 


Mechanical Removal of Ice From 
Contact Wires 


Most of the railroads which have been 
electrified in the northeastern part of the 
United States have rather frequent and 
dense traffic—in most cases one of the fac- 
tors responsible for the electrification. 
Under such conditions, the usual ice 
storm presents no especial problem, as 
the ice or glaze is scraped off or shaken off 
from the contact wire before it has a 
chance to build up to a troublesome thick- 
ness, by the frequent passages of the pan- 
tographs. This is one method of ice re- 
moval which power-transmitting compa- 
nies cannot use. On branch lines where 
traffic is light, or during the night or at 
other times when traffic is less frequent, 
if the ice formation and accumulation is 
mainly because of infrequent train opera- 
tion, a special car or locomotive (electric) 
may be assigned to operate frequently to 
and fro over such lines to keep these lines 
as clear by this means as those having 
denser traffic. 

A method of prevention of the forma- 
tion of ice coatings which has been tried 
out on some of the 600-volt d-c urban 
lines, especially where trolley coaches 
with sliding collectors are used, and where 
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even a light ice covering presents a very © 


real problem to continuity of service, has 
been to coat the contact wire with a waxy 
or greasy substance which will not be- 
come wet enough by light rain to allow the 
formation of a continuous film but will 
cause the water to collect in drops. This 
may be partially successful in light ice 
storms of short duration, but since the 
drops which adhere and freeze have the 


same surface tension as the rain drops, — 


they finally unite to form a continuous 
coating. Very possibly the waxy coating 


but when the temperature drops, it re- 
mains on the wire until scraped off by the 
collector shoe. This measure obviously is 
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Figure 2. Cooling effect of crosswise wind on 
heated conductor (Longley) 


ineffective for very severe storms and is 
not economically applicable to the contact 
systems of electrified railroads. 


Special Cases and Their Treatment 
—an Example 


Certain sections of railway line may be 
exposed to unusual conditions favorable 
to the frequent and very rapid formation 
and accumulation of ice and to very high 
winds. On such sections even frequent 
traffic is not in itself sufficient to keep the 
contact wires clear of ice, and some other 
method of ice removal must be employed 
if service is to be maintained. 

An example of such a section, having 
unusually severe exposure to both heavy 
and rapid accumulations of ice and to very 
high wind velocities, is that part of the 


_causes the ice coating to be less adherent, 


electrified system of the New Haven ~ 


Railroad knownas the New York Connect- 
ing Railroad which operates over the Hell 
Gate Bridge in New York City between 
the Bronx and Long Island. For a dis- 
tance of nearly four miles this part of the 
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railroad is on a viaduct which is from 75 
to 165 feet above the ground or river level 
and at a considerable distance from any 
shielding structures. Ice seems to form 
very rapidly under certain conditions in 
this section and at times when it is not 
troublesome elsewhere, and the wind ve- 
locities in winter, especially after such 
storms, assume unusually high values. 
Consequently, this part of the overhead 
: line has been damaged by ice and wind to 
_ the extent of being rendered inoperative 
electrically on several occasions since its 
construction in 1917, In contrast to this 
unsatisfactory record, the remainder of - 
the line from New York to New Haven 
_ has operated successfully through a num- 
ber of severe ice storms since its comple- 
tion in 1914. With the exception of one 
extremely severe ice storm in December 
1915, when accumulations were two 
inches in radial thickness in many places, 
causing the breakage, chiefly at splices, 
of some number 3 American Wire Gauge 
copper-stranded conductors used in 300- 
foot spans for control circuits, this over- 
head system has withstood a number of 
severe ice and wind storms (including the 
hurricane of 1938) without serious dam- 


age. 
Mechanical Methods Applied 


A number of studies of and changes in 
the Hell Gate Bridge section have been 
made in an endeavor to overcome the dif- 
ficulties with ice and wind. Very possibly 
a fundamental difficulty is that some of 


the spans used are too long for such severe , 


exposure. In 1927 an extensive horizontal 
wind-bracing system was applied to the 
catenary system in this section. This 
bracing did not eliminate the vertical 
“dancing” of the catenary spans, and in 
1933 some additional vertical stays were 
added to the horizontal bracing system. 


Obviously these measures did nothing to 
eliminate the ice problem. Ice on the 
contact wires was scraped off when pos- 
sible by special “ice breaker”’ locomotives, 
operated as a routine procedure during 
each ice storm. The vertical dancing was 
still so great at times that even these loco- 
motives were unable to keep their panto- 
graphs on the wire. The difficulties from 
ice and high winds continued on the feed- 
ers, which were on occasions during subse- 
quent ice storms broken in two and torn 
from their supporting pin insulators in 
many places by the violent wind whip- 
ping. The ground wire suffered the same 
fate, and it is safe to say that there are 
but few spans in this entire section where 
some of these conductors have not been 
broken and spliced. The feeders are 4/0 
American Wire Gauge hard drawn 
stranded copper, having a normal sag of 
five feet in a 300-foot span, and it is a 
rather awesome sight to see these heavy 
conductors whipping up and down in a 
storm for 10 or 15 minutes at a time, 
with a frequency of about 25 vibrations 
per minute and with maximum ampli- 
tudes of twice the sag at the center of the 
spans. 


In 1937 a number of experimental 
changes was made to the feeders, includ- 
ing the installation of some experimental 
dampening devices similar to the Stock- 
bridge dampeners, but of various weights 
and dimensions. Some experimental 
spring suspensions and spring dampening 
devices were included, and in a number of 
spans the feeders were removed from the 
pin insulators and attached to suspension 
insulators. None of the dampening de- 
vices proved of great value during the fol- 
lowing winter, but the wind whipping 
seemed to be materially reduced on those 
spans where the suspension insulators 
had been substituted for the original pin 
insulators. These experiments led to the 
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Figure 3. Scheme | 
proposed for heat- 
ing contact wires on 


Hell Gate Bridge 
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general substitution in 1941 of suspension 
insulators for pin insulators on all the 
feeders throughout this entire section, ex- 
cept on the very short spans in the 1,100- 
foot section across the main arch span of 
the Hell Gate Bridge, where pin dnsula- 
tors with a flexible mechanical clamping 
arrangement are used, 

The ground wire also has been flexibly 
suspended, so that any structure vibra- 
tion caused by the whipping of the cate- 
nary will not be communicated to this 
wire. Some additional lateral and cross 
bracing of the catenary contact system 
was also installed in 1941, and to date 
these changes have seemed to be effective, 
as no serious difficulty has been experi- 
enced this past winter, although the sea- 
son has not been a severe one. 


Electrical Methods Considered 


During the summer of 1939 serious con- 
sideration was given to the possibility of 
melting sleet from the wires in this section 
by electric heating. 

There are four tracks in this section, 
an eastbound and westbound track each 
for freight and for passenger service, not 
connected by crossovers except at some 
distance east of the section, so that this 
section is operated as two two-track rail- 
roads. There are four contact wires with 
catenary construction at 11,000 volts to 
rail, and four feeder circuits, also 11,000 
volts to rail, but 22,000 volts to the con- 
tact circuits, thus making with the rails 
a three-wire system. All contact circuits 
and feeder circuits are sectionalized at 
switching stations at each end of the ex- 
posed section approximately four miles 
apart. All trolley contact circuits are 
connected to a “‘trolley’’ bus, and all 
feeder circuits are connected to a ‘‘feeder”’ 
bus at each station, with a 3,000-kva 
“balancer” transformer having center 
point of winding connected to rails, con- 
nected across these trolley and feeder 
busses at each station. The west switch- 
ing station is unattended and is oper- 
ated by supervisory control from the east 
switching station, which is located at a 
signal interlocking tower, thus making 
the east station the more desirable loca- 
tion for any additional switching or heat- 
ing apparatus. 

In order to electrically remove the ice 
after it had been once formed, it was as- 
sumed that the temperature of the wire 
would have to be raised about ten de- 
grees Fahrenheit between the two switch- 
ing stations. It was calculated that 
about 750 amperes would be required in 
the catenary system (consisting of a 
bronze messenger, copper auxiliary wire 
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and 4/0 bronze contact wire) to cause 
enough current (approximately 200 
amperes) to flow in the contact wire to 
raise its temperature the required ten de- 
grees Fahrenheit, since the greater part 
of the qurrent would flow in the auxiliary 
wire and a smaller part in the messenger. 
The d-c resistance of this four-mile sec- 
tion of catenary is approximately 0.5 
ohm, which gives a drop of 375 to 400 
volts between stations. The a-c imped- 
ance is approximately ten per cent higher. 

The problem, therefore, was to circu- 
late in a loop circuit between sectionaliz- 
ing points approximately 750 amperes at 
900 to 1,000 volts a-c, or about 750 kva. 
A smaller amount of power and current 
would be required if a smaller rise in tem- 
perature would keep the lines clear when 
applied before and during the ice storm. 
The air temperature during an ice storm 
is always between 30 and 34 degrees 
Fahrenheit and if the temperature of the 
wire could be maintained at, say, 37 de- 
grees Fahrenheit ice could not form on it. 

Two schemes, both believed to be prac- 
tical, were proposed and developed. 
Scheme I, shown diagrammatically in 
Figure 3, contemplated using two special 
11,000/1,000-volt 25-cycle transformers, 
having their 11,000-volt winding con- 
nected to the trolley bus through a cir- 
cuit breaker at the east switching station. 
The 1,000-volt winding would be provided 
with five or six taps at 50-volt intervals, 
with tap-changing facilities to suit tem- 
perature conditions, and would be insu- 
lated to withstand the normal contact- 
wire voltage plus the usual surges experi- 
enced on the system. This winding of 
each transformer would be connected 
through disconnecting switches, one to 
the two freight-line contact wires, and 
the other to the two passenger-line con- 
tact wires. These switches would be 
closed prior to the advent of the ice 
storm, and if the storm developed, the 
circuit breaker would be closed by the 
tower operator, and two of the trolley cir- 
cuit breakers would be opened at the 
east switching station to disconnect one 
side of each loop circuit from the bus to 
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prevent short-circuiting the low-voltage 
windings. The heat would then be on 
the bridge section without further switch- 
ing operations, and train operation could 
be maintained and handled as required 
with no interference from the superim- 
posed heating power. Two trains, both 
passenger or both freight, when passing 
near the easterly end of the section might 
temporarily bypass a small amount of 
this current, but it would be negligible 
because of the high impedance of the loco- 
motive transformers to the 1,000-volt 
heating current. 

The passenger line diverges from the 
freight line at the west switching station 
and continues for another mile, where it 
joins another system. If it were desirable 
to heat these circuits, a new disconnecting 
switch could be installed at the end of 
this section as shown in the diagram, 
closed during an ice storm, and one of the 
circuit breakers on this line could be 
opened at the west station to avoid short- 
circuiting this part of the line. This 
scheme could be expanded by additional 
switches, or by separate transformers to 
heat the feeders in the same manner, al- 
though this was not felt to be so urgent at 
that time. 

This scheme was believed to be prac- 
ticable but was not applied—partly be- 
cause of the necessity for investing in the 
special transformers, when at that time it 
was unknown just how efficacious the 
heating current would be on the trolley 
circuits, but mainly because another 
method, involving no investment or addi- 
tional equipment of any kind, was im- 
mediately available for experimental work 
by the simple expedient of power ex- 
change between supply points on either 
ends of this section. 

This second scheme is shown in Figure 
4 and involved the exchange of traction 
power from the supply station several 
miles east of this section, over one circuit 
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~ at a time in the section, either trolley or 


feeder, to the supply point several miles 
west of the section. At both supply 
points power is purchased from the same 
power company, but under separate con- 
tracts, because the supply at the western 
end is to a different railroad company 
over whose lines the New Haven circuits 
extend. This supply is through a 7,200- 
kva motor-generator set, designed for 
power flow in either direction, which was 
ideal for the purpose in mind. 

It will be seen that scheme II involved 
the use of a single trolley-rail circuit for 
contact-wire heating, or a feeder-rail cir- 
cuit for feeder heating, in the bridge sec- 
tion, which necessitated some experimen- 
tal tests to satisfy the local communica- 
tion interests that no inductive disturb- 
ances serious enough to cause any inter- 
ference with their plant could be detected; 
and after some further tests to develop 
operating technique, this scheme was 
adopted as a regular operating procedure 
to be used throughout the duration of ice 
storms and has been in successful opera- — 
tion for three seasons. This scheme has 
been more fully described elsewhere.‘ 
One of the features of the power exchange 
is that it is done on a half-hour basis; 
that is, power is taken from one supply for 
one half-hour and delivered (less losses) 
to the other supply, after which interval 
the power flow is reversed for the next 
half-hour. This is because both contracts 
have the maximum demand on an hourly 
basis, and in this way neither contract 
demand can be exceeded by the power ex- 
changed. A typical power curve illus- 
trating this feature is shown in Figure 5. 

With scheme II ice.already formed can 
be melted from the feeders in from six to 
ten minutes and from the catenary in 
about twice this time, depending upon the 
temperature and wind conditions and the 
amount of power exchanged, which is 
limited by the capacity of the motor. 
generator set at the western supply. 


With the improvements made during 
the past year in the feeder system in this 
section, there is some question as to the 
value of ice removal from the feeders, if 
they no longer dance and whip so vio- 
lently under storm conditions. The 
writer has personally observed dancing or 
whipping of feeders in this section, when 
formerly supported on pin insulators, 
with no ice coating whatever, and at tem- 
peratures above freezing, so that there is 
some question as to whether such dancing 
is always a function of ice coating; and 
if not, the solution of the problem of 
“dancing conductors” may be mechanical 
rather than (or as well as) thermal. More 
winter experience with the changes re- 
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Figure 5. Power-load curve for March 4, 1940 


@—lce-melting power exchanged with west 
supply 
@—Total purchased power, excluding ice- 
melting power from west supply 
@—Power produced at railroad-owned plant 
@—Total railroad-system load, excluding ice- 
melting power exchanged 


cently made must be had before it can be 
definitely stated that this problem has 
been solved. 


Further Considerations 


It will be noted that scheme II involves 
the continuity of service of all equipment 
involved in the power exchange; and if 
the equipment at the western supply 
point, which is not in duplicate, should 
be out of service for any reason during an 
ice storm, the scheme could not be used. 
This actually did happen during a very 
severe ice storm early in 1941, and, con- 
sequently, later in the year the proposal 
was made that a scheme similar to scheme 
I, outlined above, be installed until it was 
learned that it would be impossible to ob- 
tain the necessary transformers because 
of the war. 

A third scheme therefore, to be used 
only as an alternate to scheme II, has 
been devised and is now being installed. 
This scheme consists of taking one trolley 
or feeder circuit at a time in this section 
and switching the westerly end through a 
water rheostat, adjusted to allow the pas- 
sage to ground (rail) of approximately 800 
amperes of traction power supplied from 
the east end. Most of this power is neces- 
sarily lost, being dissipated through heat 
in the water rheostat; possibly five per 
cent is used in heating the wire. This 
scheme requires a number of disconnect- 
ing switches at the west switching station, 
a large tank of water with a continuous 
supply, and the necessary drains, to dis- 


Aucust 1942, Vot. 61 


sipate the large amount of waste heat, 
also sending operators to this unattended 
station and housing them there for the 
duration of the storm. It is expected that 
this installation will be ready for the next 
winter season. 

It is obvious that a similar method 
might be applied to any electrified rail- 
road, a-c or d-c, if the economics of the 
situation warranted. 


Ice or Sleet on Pantographs and 
Collectors 


The problem of ice accumulations on 
pantographs and collector shoes has been 
approached from a number of different 
angles. The usual and time-honored 
practice is to work the pantograph up and 
down by means of its own operating mecha- 
nism at frequent intervals during ice 
storms to jar off the ice accumulations 
mechanically. Obviously this means can- 
not be employed on long high-speed runs. 
It is also customary practice to use higher 
spring pressure during the winter, partly 
for the purpose of compensating for the 
expected additional ice load, and partly to 
exert more pressure on the wire for knock- 
ing off the ice on it. Mention has already 
been made of the possibility of augment- 
ing the normal pressure at will by auxil- 
iary air pressure, to overcome excessive 
added weight. 

Another proposal is to provide steam 
jets on top of the locomotive to blow 
steam from the train-heating boiler at 
will over the pantograph frame in the 
lowered position. Obviously this scheme 
is not applicable to pantographs on motor- 
cars, since they carry no steam-heating 
equipment. Another method which has 
been proposed for a-c electrified railroads 
is to have the pantograph frame split elec- 
trically at the base and all up through the 
frame, connected electrically only at the 
top by the contact shoe, and to circulate 
through this split frame a low-voltage 
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current applied across the base from a 
Separate special transformer, sufficient 
in value to raise the temperature of the 
entire frame and shoe. This current 
would be applied when necessary by the 
engineman. The traction power circuit 
would be connected to one side only of the 
base. Obviously, this scheme is not ap- 
plicable to pantographs on ‘equipment 
operated by direct current, at least with- 
out additional conversion apparatus. 


Coating the frame and shoe with a waxy 
or greasy substance has been tried and 
is thought by some to be helpful in delay- 
ing the formation of adherent ice on pan- 
tographs, This measure has already been 
commented on in connection with the 
mechanical removal of ice from contact 
wires, and those comments apply here. 
It is possible that accumulated ice can be 
more easily jarred off the pantograph by 
working it up and down, when such coat- 
ings are applied, but again, this is a func- 
tion of the temperature as well as the 
thickness of the accumulation. 


Summary 


Ice storms cause special problems on elec- 
trified railroads which power transmission 
systems do not have, most of them involving 
the current collection. 


Ice accumulations may be removed from 
overhead contact systems by mechanical or 
electrical means. 


Electrical heating of the contact system has 
been used satisfactorily on one a-c electrified 
railroad for a special case, and three methods 
of doing this have been devised, some of 
which may be applicable to other railroads. 


The problems caused by high winds on ice- 
covered conductors are shared with other 
power-transmission systems and are serious 
ones. Changes to existing plant may help, 
but the possibilities of these difficulties 
should not be overlooked in the original de- 
sign. 


Ice accumulations on pantographs present 
special problems which are recognized and 
are being solved in various ways. 


References 


1. Removat or Ick FROM TRANSMISSION-LINE 
Conpucrors, D. C. Stewart. Edison Electric In- 
stitute Bulletin, August 1936, page 343. 


2. HEATING AND CURRENT-CARRYING CAPACI* 
TIES OF BARE CONDUCTORS FOR OUTDOOR SERV- 
ice, Schurig, Frick. General Electric Review, March 
1930, page 141. 

3. PurtiInc SLEET THAWING ON A _ ROUTINE 
Basis. Electrical World, November 20, 1937. 


4. REMOVING SLEET FROM OVERHEAD WIRES, H. 
F. Brown. Railway Electrical Engineer, June 1940. 


5. National Electrical Safety Code, fifth edition. 
(National Bureau of Standards Handbook H32), 
1941. Part 2, page 97. 


TRANSACTIONS 593 


Sealed-Tube Ignitron Rectifiers 
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N the past decade the advantages of 
the rectifier, when compared to other 
forms of conversion equipment, have led 
to the development of multianode steel 
tank and glass-bulb rectifiers. The de- 
sirable structural features and operating 
characteristics, however, have not been 
fully realized when pump-evacuated tanks 
and fragile glass-bulb rectifiers have been 
applied to small conversion units of low- 
voltage rating. Development of a means 
of starting or igniting! a cathode spot, 
each positive half cycle, on a pool of mer- 
cury has stimulated the design of a prac- 
ticable half-wave or single-anode rectifier. 
The low density of ionization during the 
inverse cycle so reduced the shielding 
necessary to prevent arcback and, in con- 
sequence, the arc losses, that these recti- 
fiers could be efficiently applied in the 
lower-voltage (250 volts d-c) fields. 
Sealed, permanently evacuated steel 
ignitron tubes have been used in the con- 
trol? of resistance welding currents for the 
past ten years; and in such service these 
electronic devices have given a degree of 
control, speed, and reliability not pre- 
viously matched by mechanical means. 
Sealed, permanently evacuated steel igni- 
tron tubes for rectifiers ranging in capacity 
from 75 to 400 kw (at 250 to 600 volts d-c), 
have been developed and placed in service, 
and it is the purpose of this paper to de- 
scribe the design, characteristics, and per- 
formance of these rectifiers. 


The Field for the Permanently 
Evacuated Tube-Type Rectifier 


The field of application of the mercury- 
are rectifier is considerably enlarged by 
the use of permanently evacuated tubes 
in circuits which have output characteris- 
tics similar to those of a d-c generator 
with nominal field control. Despite al- 
most universal use of alternating current 
for generation and distribution, direct cur- 
rent still provides the most suitable source 
of power where adjustable speed or con- 
trolled torque characteristics are desired. 
D-c motors for machine tools, business 
machines, magnetic chucks, and separa- 


Paper 42-106, recommended by the AIEE joint 
subcommittee on electronics for presentation at the 
AIEE summer convention, Chicago, Ill., June 22-26, 
1942. Manuscript submitted April 17, 1942; made 
available for printing May 18, 1942. 


M. M. Morack and H. C. Sterner are in the 
vacuum-tube engineering department, General 
Electric Company, Schenectady, N. Y. 


594 TRANSACTIONS 


H. C. STEINER 


ASSOCIATE AIEE 


tors, grinding machines, and elevators are 
typical examples of these d-c loads. 


In comparison with other forms of con- | 


verting equipment, the sealed-tube igni- 
tron rectifier offers several distinct fea- 
tures for such service. The equipment is 
completely static, thereby eliminating 
special foundation requirements. The 
rectifier is quiet in operation which per- 
mits installation in locations where any 
appreciable noise would be objectionable. 
The over-all efficiency is high and prac- 
tically constant over the entire load range. 
The no-load losses are small when com- 


Figure 1. Section 
of a_ sealed steel 
ignitron tube 
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pared with rotating equipment of like 
capacity. Rectifier equipments are fac- 
tory-assembled, thereby minimizing in- 
stallation time and expense. 


Tube Design and Operation 
Characteristics 


Two sizes of ignitron tubes have been 
developed. The general tube design and 
construction are shown in Figure 1. The 
tube elements consist of a main anode, 
mercury-pool cathode, two ignitors, an 
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auxiliary or holding anode spray, and de- 
ionization shields. Water jacket, flow 
spiral, and inner cylinder are of stain- 
less steel. 

Ignition® of a cathode spot is accom- 
plished by passing an impulse of current 
from the ignitor to the mercury pool. 
Passage of current from the ignitor to the 
pool generates sufficient heat to break 
momentarily the contact of the mercury 
with some crystal in the ignitor. If the 
magnitude of the current, its duration, 
and the voltage gradient along the ignitor 
are sufficient, a cathode spot is estab- 
lished. 

Figure 2 shows the variation in ignition 
voltage, current, and time for a typical 
ignitor, when supplied from the voltage of 
the main anode. When the ignitor is 
started at the beginning of the applied 
voltage wave, the current rise is slow, and 
the time required to reach the critical ig- 
nition value is long. When the applied 
voltage is high, as near the middle of the 
wave, the critical ignition current is 
quickly reached and the time correspond- 
ingly short. > 

Arc-drop voltages are given in Figure 3 
in terms of anode current and outlet 
water temperature. These data were 
determined from cathode-ray-oscillograph 
measurements, while the tubes were sup- 
plying an inductive load of sufficient mag- 
nitude to insure essentially flat-topped 
current waves. Arc losses represent a 
design compromise between the minimum 
obtainable with no baffling and those with 
the shielding required to produce satisfac- 
tory freedom from arcback. 

Cathode spots on a free surface of mer- 
cury become unstable when the instan- 
taneous current decreases below approxi- 
mately three amperes. To provide stable 
operation in this current range, an auxil- 
iary anode has been added to the tube ele- 
ments. This anode is usually excited 
from a low-voltage source inphase, or 
slightly ahead of the period of main anode 
conduction. 


The tubes are water-cooled. Water- 
flow rates, cooling area, and temperature 
are determined by the requirements of re- 
moving the are losses while maintaining 
vapor‘ pressure control. The outlet water 
temperature varies inversely with the load 
as is shown in the performance data of 
Figure 4. Maximum water temperatures 
are determined by the point at which the 
vapor pressure reaches arcback conditions. 
Minimum water temperatures are deter- ~ 
mined by the ability of the tubes to con- 
duct current without “surging.” This 
phenomenon is the result of insufficient 
vapor pressure to provide ions for the 
load-current demand. Momentarily con- 
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duction ceases, and the rapid current 
changes in transformer and lead induct- 
ance generate high voltages. Surging is 
usually limited to the first few cycles of 
conduction and for the particular designs 
does not occur at full-load currents with 
water temperatures as low as ten degrees 
centigrade. At less than full load the 
temperature may be lower. Optimum 
operating temperatures are in the range of 
30 to 50 degrees centigrade, since under 
these conditions the arc losses are nearly 
a minimum, and there is more reserve 
vapor pressure control to take care of cur- 
rent demands. 

Ignitron tubes in common with most 
vacuum-tube devices have elements of 
relatively small mass. The time for aver- 
aging the heating effect of sustained cur- 
rent demands is therefore a matter of 
minutes rather than hours as found in 
more massive machinery. This time is 
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Figure 3. Arc-drop characteristics for cooling 
water temperatures of 20-60 degrees centi- 
grade 
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adequate for clearing feeder fuses, start- 
ing motors and for the usual types of over- 
loads that are encountered in service. 


Rectifier Design and Performance 


POWER CIRCUITS 


The choice of rectifier power circuits 
permits the grouping of different numbers 
of tubes to obtain various rectifier capaci- 
ties. Figure 5 shows some of the more 
common of these circuits, together with 
the number of rectifying elements re- 
quired, and the nominal ratings which are 
obtained in 250-volt service. These nomi- 
nal ratings are made on the basis of the 
continuous duty. The usual overload fac- 
tors are 125 per cent for two hours and 
200 per cent for one minute. For most 
applications the circuits in which several 
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Figure 4. Arcback temperatures for opera- 
tion at 250 volts in a three-phase single-way 
circuit 
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RECTIFIER 
POWER 


Figure 5. Table showing typical power cir- 
cuits and rectifying elements for 250-volt 
operation 


tubes conduct simultaneously are prefer- 
able. In such circuits the total load is 
divided. Arc losses are therefore a mini- 
mum, since the instantaneous tube cur- 
rents are low, and current capacity is a 
maximum. In certain cases, however, 
ease of control makes circuits preferable 
in which each tube carries the full load 
current. Rectifiers® which supply field 
currents for synchronous machines are in 
this category. To provide rapid response 
for both increasing and decreasing line 
voltage, the rectifier must be capable of 
inversion as well as of rectification, and 
the control is simplified when circuits of 
the three-phase, quarter-phase, or six- 
phase type are used. 

Two-wire service is readily obtained 
from the usual rectifier circuits. Three- 
wire service may be obtained in two ways. 
A balancer set capable of carrying unbal- 
anced currents of the order of 25 per cent 
of the set rating is usually sufficient to 
provide the required neutral. Three-wire 
systems may also be obtained electroni- 
cally through the use of a three-phase, 
double-way® circuit shown in Figure 6. A 
practicable installation may consist of two- 
wire circuits to carry the main part of the 
load and sufficient three-wire circuits to 
carry the unbalanced load. 


IGNITOR EXCITATION 


Anode excitation’ is the most direct 
method of establishing a cathode spot. 
In this case a portion of the load current is 
diverted through the ignitor by means of a 
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Figure 6. Three-phase double-way rectifier 
for three-wire service 
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suitable thyratron control tube. Estab- 
lishment of the main arc effectively shorts 
the excitation system and thereby limits 
the average ignitor current to practicable 
values. This system is shown schemati- 
cally in Figure 7A. The anode firing ex- 
citation system has two limitations. When 
the rectifier is feeding a counter electro- 
motive-force load, and the current is low, 
the anode currents tend to become dis- 
continuous. The voltage which can be ap- 
plied to the ignitor becomes the difference 
between the instantaneous transformer 
voltage and that of the counter electro- 
motive-force load. This voltage difference 
is so low that either a relatively long 
period is required for the ignitor current to 
reach the critical ignition value or the 
counter electromotive-force voltage de- 
creases sufficiently to provide the required 
ignition current. Momentarily, therefore, 
the rectifier ceases to deliver its normal 
output voltage. This effect can be cor- 
rected by providing sufficient series induc- 
tance in the d-c load to assure that the 
current is continuous. Even though the 
load current is continuous, it may drop 
below the criticalignition value. In effect 
the ignitor resistance is suddenly placed in 
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Figure 8. Diagram showing voltage loss due 
to commutation 
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Figure 7. Ignitor excitation systems 


the circuit. The resulting reduction in 
output voltage can produce a very annoy- 
ing light flicker when lamps are part of the 
connected load. 

One form of separate excitation is shown 
in Figure 7B. In this case a capacitor 
(FC) is charged through dry-plate recti- 
fier (DPR) and discharged at the proper 
instant through a thyratron tube. Phase 
control is obtained in the usual manner 
through the thyratron grid. An induct- 
ance in the discharge circuit establishes 
the desired rate of rise in the ignitor cur- 
rent. The circuits are so designed that a 
relatively high peak current, approxi- 
mately 25 to 30 amperes, is available prior 
toignition. This current value is in excess 
of the usual requirements, but, since the 
available energy is fixed, a design factor 
must be included for any possible con- 
tingency. The duration of the impulse is 
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Figure 9. Typical output-voltage character- 
istics obtained by phase control 
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approximately 500 microseconds and the 
average ignitor current one-half ampere. 
Losses are of the order of 100 watts per 
ignitor. The ignition current is of such 
short duration that the cathode spot is 
maintained for the remainder of the main- 
anode conducting period by an auxiliary 
anode. Average current in this circuit is 
of the order of two amperes and losses 50 
watts. 

The required peak excitation current 
may be obtained®® magnetically as shown 
in Figure 7C. Operation of the circuit is 
as follows: The linear reactor (LL) has 
an iron core with an air gap and isdesigned 
to give a constant reactance up to rated 
voltage and frequency of the circuit. The 
saturating reactor (SL) is built with a 
closed high-permeability core and a wind- 
ing which will draw a large magnetizing 
current at the saturating point. This 
peak of current occurs when the capacitor 
(FC) is charged to its maximum voltage. 
The capacitor discharges through the 
saturating reactor, giving an impulse of 
ignitor current. A dry-plate rectifier 
(DPR) prevents reverse current from flow- 
ing in the ignitor circuit. The autotrans- 
former (A UT) allows one circuit to supply 
excitation power to two tubes, which are 
in 180-degree phase relation. 

The phase position of the impulses 
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Figure 10. Line diagram showing rectifier 
component parts 
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Figure 11. Metal-enclosed ignitron rectifier 
with automatic d-c switchgear for general 
Purpose use 


which establish the cathode spot are con- 
trolled by shifting the supply voltage (E3;) 
to the excitation circuit. This is accom- 
plished by means of the network, consist- 
ing of reactor (CL) and (PL), and capaci- 
tor (PC). The reactor (PL) is capable of 
gradual change in reactance over a 10 to 1 
range by means of d-c saturation. The 
reactor (CL) and capacitor (FC) operate 
with a circulating current larger than that 
drawn by the excitation circuit and act as 
a power source for this circuit. The phase 
position of the voltage (E3;) can be ad- 
justed by controlling the point of satura- 
tion in the phase-shifting reactor. In this 
manner a 40-volt-ampere d-c source may 
be used to vary the firing point of the ig- 
nitor over an angle of approximately 50 
degrees. 


FAULT PROTECTION 


Fault protection must be provided for 
a-c and d-c short circuits and for tube 
arcback conditions. 

A-c protection for the transformer cir- 
cuits is taken care of most satisfactorily by 
means of circuit breakers. The interrupt- 
ing capacity of such a breaker is deter- 
mined by the system capacity from which 
power is obtained. 

The d-c protective equipment should 
provide for the usual functions of overload 
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and short circuit. Again breakers are 
usually preferable, at least for the main 
feeders. 

In spite of almost complete freedom 
from arcback when circuit, tube, and 
load conditions are properly co-ordinated, 
provision must be made for the possibility 
of arcback. Anode fuses of proper char- 
acteristics and capacity have proved 
satisfactory for this service. Differential 
protection can be obtained by the co- 
ordination of the tube current-carrying 
capacity with the transformer current- 
limiting reactance. The proper relation- 
ship of these two factors permits the re- 
maining tubes in the circuit to carry the 
transformer short-circuit current without 
arcing back, for the eight or ten cycles 
required for the fuse to open. Likewise 
d-c short circuits may be cleared with the 
rectifier remaining available for service. 


VOLTAGE CONTROL AND REGULATION 


Regulation in rectifier circuits is due 
primarily to the voltage lost during the 
commutation period. At this time two 
anodes are conducting simultaneously, 
and the output voltage is the average of 
the instantaneous voltages. These condi- 
tions are shown in Figure 8. The voltage 
loss!° during the commutation period is 


Voltage drop=PFLI 
where 


P =number of phases or anodes which com- 
mutate consecutively 


Figure 12 (left). Installation of 
a portable ignitron rectifier for 
mining service 


Figure 15 (right). Comparison 
of motor-generator and igni- 
tron-rectifier losses 


Morack, Steiner—Sealed-Tube Ignitron Rectifiers 


2/0 b- 1s 


100 


60 


60 


PERCENT EFFICIENCY 


40 


20 


0 25 50 75 100 
PERCENT LOAD 
Figure 14. Over-all efficiency for a 250-volt 
75-kw ignitron rectifier 


F=system frequency 

L=commutating inductance of one phase in 
henries 

J=d-c current at the beginning of current 
transfer 


The commutating reactance is that of any 
two phases whose anodes conduct in turn. 
It may be determined by shorting the 
transformer primary and applying excita- 
tion current to the secondary phases. 

Rectifiers of this type usually have 
voltage regulation of six to seven per cent. 
This regulation is often greater than is de- 
sirable. To mitigate this effect, as well as 
compensate for variation in the voltage 
supply to the rectifier, the phase of the 
ignitor impulse is varied with respect to 
the positive half cycle of anode voltage to 
control the starting point of the anode cur- 
rent. 

For magnetic excitation circuits, the 
simplest method of controlling the recti- 
fier output voltage is to vary the d-c satu- 
rating current in accordance with the 
variation in the d-c output of the rectifier. 
In Figure 7C the voltage sensitive element 
(VR) of a torque-type regulator is con- 
nected across the d-c voltage to be regu- 
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lated in series with a reactor and a variable 
resistor. The regulator rheostat element 
(RR) is connected in parallel with the 
saturating windings of the phase shift re- 
actors. The voltage drop across the rheo- 
static element varies from a maximum to 
zero, thereby varying the current in the 
saturating winding of the reactor (PL). 
Parallel operation of one or more rectifiers 
ean be obtained by use of an equalizer 
bus between the regulating elements of 
the various units. 

| Figure 9 shows a typical characteristic 
in which the rectifier voltage output is 
regulated from zero to full load. Beyond 
full load the output voltage follows the 
natural regulation. 

Where extremely rapid response is de- 
sired, such as in the case of an electronic 
exciter operating to control the output 
voltage of a synchronous condenser, an 
electronic regulator® may be used. 


EQUIPMENT DESIGN 


In general, the equipment design allows 
complete factory assembly of the units. 
The tubes, excitation, and control form 
one unit; the transformer another; and 
the required switchgear a third. A typical 
rectifier equipment is shown on the line 
diagram of Figure 10 and consists of the 
following components: 


(a). Metal-enclosed manually or auto- 
matically operated a-c switchgear. 


(b). Main, interphase, and control power 
transformers which are oil- or Pyranol-filled, 
natural or forced air-cooled, depending upon 
location and service. 


(c). Metal-enclosed water-cooled ignitron 
mercury-are rectifier with manually or auto- 
matically operated d-c switchgear. 


Figure 11 shows a rectifier installation 
that is suitable for general purpose use 
such as lighting, power, or elevator loads. 

Mine-service rectifiers require special 
designs in that the available head room is 
limited. Figure 12 shows a typical unit in 
which the rectifier, the transformer, and 
the switchgear form an articulated train. 
The cars are sufficiently short to permit 
moving around the usual track curves en- 
countered in mine service. Portable recti- 
fiers are particularly adapted to mine serv- 
ice, because they permit movement to 
new load centers as the coal is progres- 
sively removed. 


Application 


Rectifier ratings and the number of 
units required depend upon the applica- 
tion. In essential service it is considered 
good practice to have in reserve a stand-by 
unit which will permit the largest rectifier 
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in service to be removed.. Where require- 
ments are less severe, and where the units 
may be removed for maintenance and in- 
spection, rectifiers may be used to full 
capacity. 

Elevator loads, particularly in hotels, 
apartment houses, and office buildings 
provide an excellent example of the essen- 
tial service type of load. For reasons of 
safety such transportation must continue 
in operation. A satisfactory solution of 
the problem is to provide two complete 
and independent rectifiers with automatic 
change-over in case of d-c voltage failure. 
Simple switching provides preselection of 
the normally operating and reserve recti- 
fiers, and the order may, of course, be 
periodically changed to equalize the use of 
the two units. 

Tap water is usually used for removing 
the rectifier-arc losses. Full-load arc losses 
in 200-kw 250-volt rectifiers are approxi- 
mately sixper cent. Hence the transfer of 
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Figure 16. Annual savings for a 75-kw 2507 
volt rectifier 


this loss into the water rather than into the 
air is desirable, particularly in locations 
having limited ventilation facilities. The 
cooling water is not contaminated in pass- 
ing through the tube jackets, and may be 
used in plant processes. Figure 13 shows 
the usual arrangement in which water is 
supplied to the rectifier at line pressure 
and passes through regulating valves to 
the tube jackets. Valve SV is a shunt 
valve used to adjust minimum flow. 
Valve TRV is controlled thermostatically 
and regulates the water flow in response 
to load. Thermostat (WOT) protects 
against water over temperature while the 
water flow relay (WFR) will remove the 
rectifier from operation on loss of cooling 
water flow. The flow relay utilized de- 
pends for its operation upon a physical 
displacement requiring both hydraulic 
pressure and water flow. 

In general, most waters which are suit- 
able for industrial or public use are satis- 
factory for cooling requirements. Waters 
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which readily deposit lime or silt are to be 
avoided. The stainless-steel jackets are 
resistant to most corrosive elements, and 
the usual temperature of operation is not 
conducive to lime deposits. Stainless 
steel, however, is subject to slight cor- 
rosion by waters containing chlorides. 
Generally waters containing below 20 
parts per million are satisfactory. Most 
public water supplies do not contain more 
than 8 to 15 parts per million. 

Where local water conditions are un- 
satisfactory for direct use, heat exchangers 
may be employed. For mine service, air- 
to-water heat exchangers have been found 
to be the more practicable. Mine waters, 
in general, are very corrosive and very 
dirty. Air temperatures, on the other 
hand, are relatively constant and suffi- 
ciently low to make air-to-water heat ex- 
changers attractive. 


Maintenance 


Rectifier maintenance outside of the 
usual inspection which should be given 
any electrical apparatus is primarily a 
matter of tube renewals. The number and 
frequency of such renewals depend upon 
the ultimate tube life. This ultimate life 
logically seems to depend upon the ignitor 
or loss of tube vacuum. To provide for 
the former, sealed tubes have two igni- 
tors, one of which is held in reserve. 
Actually, examination of ignitors which 
have operated for two to three years 
shows that no appreciable erosion has 
taken place. Experience over a four-year 
period indicates there is no impairment. 
in the tube vacuum. 

A direct approach to the problem of 
maintenance is to evaluate the annual 
savings in power cost resulting from the 
higher efficiency and lower no-load losses 
of rectifiers. Figure 14 shows the over-all 
rectifier efficiency, and Figure 15 the kilo- 
watt loss of a typical 75-kw motor—genera- 
tor set and an equivalent ignitron recti- 
fier at various loads up to full rating. 
Between 20 and 80 per cent of rated load, 
the difference in losses varies from 5.5 to 
6.8 kw. Since the usual load characteris- 
tics are such that the load on either a 
motor-generator set or a rectifier will 
rarely lie outside of this range, the annual 
savings in kilowatt hours obtained by us- 
ing a rectifier can be approximated very 
closely by multiplying the number of 
hours in service by 6.1. The gross saving 
depends upon the cost of electrical energy. 
Although power costs vary considerably, 
rates of one to three cents per kilowatt 
hour are representative. Figure 16 shows 
the annual saving on the basis of a power 
cost of two cents per kilowatt hour in 
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I. Introduction 


| Ieee has shown that pre- 
ventive lightning protection, in- 
volving the installation of overhead 
ground wires and the co-ordination of 
tower-ground resistances with insulation 
level, can be quite effective in preventing 
flashovers due to lightning. Studies pre- 
sented in an earlier paper! indicated that 
the efficiency of preventive protection 
can be made practically 100 per cent for 
Ey setkace lines having insulator flash- 
over levels of 1,600 kv and above. If the 
flashover level is reduced, the efficiency 
of protection becomes less. 

- Tower-ground resistance directly af- 
fects the protection efficiency obtained, 
and for satisfactory line performance re- 
sistance usually must be reduced below 
the values obtained with tower founda- 
tions alone. Buried counterpoise offers a 
practical means for accomplishing this, 
and, although many papers have been 
written on the theoretical aspects of the 
counterpoise, there is very little published 
on the problems encountered in actual 
installations.2, This paper gives some 
methods that have been used in the in- 
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stallation of buried counterpoise at ap- 
proximately 1,800 steel towers of the 
Pennsylvania Water and Power Company, 
as well as some of the results obtained. 

When a counterpoise installation was 
contemplated, it was first necessary to de- 
termine the level of tower-footing resist- 
ances theoretically desirable. Next it was 
estimated how closely this objective could 
be approached and the amount of coun- 
terpoise conductor required. The data 
and methods presented are not sufficiently 
comprehensive to be applicab'e to all 
cases in all localities, but they may prove 
useful as a guide in making similar instal- 
lations. 


II. Determination of the Optimum 


Tower-Footing Resistance 


Experience has shown that in most 
cases flashovers will not occur at towers 
where the footing resistances are kept 
below the value indicated by the relation® 


WAL is 
Site) 


where 


R= Tower-footing resistance 
V =Impulse-flashover level of line insula- 
tion 
J =Maximum natural tower lightning cur- 
rent 
CF=Coupling factor between overhead 
ground wires and line conductors 


This equation fixes the upper limit of 
footing resistance for any assumed value 
of tower current J, J usually being taken 
in excess of any tower currents that have 
ever been measured in the field. 

Towers have suffered flashovers when 
the footing resistances and tower currents 
were appreciably less than the upper 
limit set by the above expression,'’* This 
has occurred more frequently than can 
be attributed to freak conditions. Ap- 
parently there is an impedance voltage 
drop in tower structures and grounding 
systems which accompanies heavy light- 
ning discharges and which causes flash- 
overs when the ohmic resistance drop ap- 
pears low. As a practical consideration 
the effect has been evaluated in terms of 
tower currents. 

For instance, on a 66-kv line having 
eight 43/,-inch insulators the upper limit 
for tower-footing resistance is obtained 
by substituting in the preceding equation 


ey ae 635,000 
~ I(1—CF) 150,000(1 —0.25) 


=5.6ohms 


It is assumed that 150,000 amperes is ap- 
proximately the largest tower current 
that has ever been measured under natu- 
ral lightning conditions. It would be 
logical to expect that towers having foot- 
ing resistances of this level or less would 
not be subject to flashover; yet it has 
been found that flashovers have occurred 
on towers having footing resistance of 
this order of magnitude, when the indi- 
cated tower currents have been only 
about 60,000 amperes.! This leads to a 
modification of the desired level of tower- 
footing resistance based on economic con- 
siderations. With insulator flashover 
levels of about 600 kv, footing resistance 
can be considered the controlling factor 
for indicated tower currents up to only 
60,000 amperes. Due to the uncertain 


terms of the percentage of time the set is 
in operation. In general the average sav- 
ings exceed the average replacement cost. 


Conclusion 


The design and application of rectifier 
equipment using sealed ignitron tubes has 
involved the solution of many new and 
interesting problems. Light flicker, con- 
trol, voltage regulation, the problems of 
excitation, overload, and arcback protec- 
tion have necessarily formed a part of the 
evolution of this type of rectifier equip- 
ment. The basic problems have been 
solved, and it is believed that the con- 
tinuous and reliable operation of the 


Avucust 1942, Vov. 61 


sealed steel-tube rectifiers will demon- 
strate that these electronic devices have 
the same high standards of performance 
as the older forms of conversion equip- 
ment. 
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Table 1. Optimum Tower-Footing Resistances 
for Several Transmission Lines 
Nominal 
11/2x40- Optimum 
Line Microsecond Tower- 
Operating Suspension Flashover of Footing 
Voltage Insulator Insulators Resistance 
(Kilovolts) Units (Kilovolts) (Ohms) 
66x. sar PH43/ GAN oe ies BOGire seus. asia 5 
66>... 8-43/4in....... GSO meric « 6 
WSZi ees 12—bL/ane ees NOLES! crac oe 10 
ae). ies ere 20-51/ain....... AGO. pats ccs 16 


accuracy of tower-current measurements, 
it has been suggested that tower currents 
measured by surge-crest ammeter links 
mounted on tower legs be multiplied by a 
factor of 2 to correct for the currents 
carried by cross members of steel towers.° 
This gives a maximum safe tower cur- 
rent of about 120,000 amperes and a prac- 
tical working value of about seven ohms 
for the optimum tower-footing resistance 
on an actual transmission line having an 
insulator flashover level of 635 kv. As 
all the factors in the equation are not 


known exactly under natural lightning 


discharge conditions, it has been found 
that a good working rule for the desired 
footing resistance is that it shall be not 
more than one ohm for each 100 kv of in- 
sulation flashover level, using the 1!/ox40 
microsecond value. This is referred to as 
the optimum tower-footing resistance. 

Some examples of optimum tower-foot- 
ing resistances are given in Table I. 


II. Selection of Counterpoise 
Length 


Usually counterpoise is installed princi- 
pally as a convenient auxiliary means for 
reducing tower-footing resistance. For 
this reason the amount of counterpoise 
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Figure 1. Effect of spacing on ground re- 
sistance of parallel buried conductors as deter- 
mined by test 
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conductor used is that required to bring 
the ground resistance as close as practi- 
cable to a desired level. There are some 
notable exceptions to this principle. The 
section of the Boulder Dam—Los Angeles 
lines in high resistance territory® and the 
High Knob section of the Wallenpaupack 
Tap® are published instances of effective 
counterpoise installations where ground- 
resistance criteria do not apply. It is 
significant that in both of these cases 
lines operate at high voltage and have 
high insulation levels. 

Based on traveling wave theory, Bew- 
ley and Hagenguth’ have suggested that 
counterpoise conductors should be no less 
than 200 feet long. This minimum length 
has proved to be a satisfactory one in the 
field, from the viewpoint of both installa- 
tion and performance. The maximum 
length that has been used on the 66-kv 
lines considered in this paper has been 
400 feet where spans are greater than 800 
feet, and continuous from tower to tower 
where the spans have been less than 800 
feet. On 132-kv and 220-kv lines where 
the insulation levels are higher (see Table 
I), continuous counterpoise has been in- 
stalled where ground resistances could not 
be reduced sufficiently by buried conduc- 
tors 200 to 400 feet long. The basis for 
this difference in procedure for the two 
classes of insulation levels is the observed 
phenomena that the 66-kv towers flash 
over when low measured ground resist- 
ances are due to good grounds at some 
distance from the tower bases,! and that 
the higher-voltage lines can apparently 
withstand heavy discharges even though 
the necessary low ground resistances are 
obtained only by counterpoise extending 
for some distance from the tower foun- 
dation.*® 


IV. Selection of Number and Spac- 
ing of Counterpoise Conductors in 
Parallel 


Dwight? has published formulas for 
calculating the ground resistances of 
buried conductors, and they show that 
the greater the spacing between parallel 
wires the lower is the ground resistance 
of the system. 

To indicate the practical limits for 
spacing, a set of measurements was ob- 
tained with seven 400-foot buried lengths 
of bare solid copper rod of one-fourth- 
inch diameter. The conductors were 
laid in straight parallel lines, 18 inches 
below the surface of the ground, five and 
ten feet apart. After a suitable weather- 
ing period, the resistances to ground of 
the individual conductors were 37, 37, 
35, 35, 35, 30.5, and 32 ohms. The re- 
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Table Il. Reduction of Ground Resistance 
Due to Addition of Third Counterpoise Con- 
ductor Midway Between Two Others 
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sults plotted in Figure 1 emphasize the 
fact that two or more wires in parallel 
with reasonable spacings cannot produce 
so low a resistance as might be expected 
from the common relation for parallel 
resistances. 

Table II, based on the data of Figure 
1, gives a comparison of the ground re- 
sistance of two parallel conductors with 
that of a set of three when a third con- 
ductor is installed midway between the 
original two. It can be seen that the 
third conductor reduces the ground re- 
sistance only slightly, but the reduction 
in the surge impedance would be greater 
theoretically than that in ground resist- 
ance. 

Another investigation was made in the 
field to determine the relative merits of 
the installation of two counterpoise con- 
ductors parallel to each other on one side 
of a tower, as positions 1 and 2 in Figure 
2B, and the installation of the two con- 
ductors on opposite sides of the tower, as 
in Figure 2A. Four wires, 540 feet long, 
were buried in the ground in the pattern 
shown in Figure 2B, with 26-foot spacing 
between parallel conductors. The ground 
resistances were as given in Table III, 
and show about a 25 per cent advantage 
for the arrangement of Figure 2A. 

Based on field data, Table IV gives the 
order in which it has been found that 
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Figure 2. Arrangement of counterpoise 
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Table Ill. Ground Resistance of Counter- 
poise Conductors at Test Installation Arranged 
as Shown in Figure 2B 
aaa a ee ee 


Counterpoise Conductor Ground Resistances 


Designations in Ohms 
Ne caren are er ene reer or 26.2 
MMM eh. crest whoa. neo a 24. 

SOw staat eee me 25.3 

ce ge ee ee nee 26.9 
TSB, hin, Se ae 18.5 

CT Wes SR 8 A ee oa 18.8 
UES Re Sie, Rea er nee 14.1 
PERI Ree Secs. ol A 13.2 
YUL i ce ah ee 10.1 


counterpoise can be most effectively in- 
stalled to reduce footing resistances to a 
desired level. The individual conductors 
are spaced as far apart as right-of-way 
restrictions allow, and the grounding 
conditions at each tower determine the 
type and extent of the counterpoise sys- 
tem to be installed. 


V. Estimating Counterpoise Con- 
ductor Requirements 


When tower foundations have been 
placed and a few weeks are allowed to 
elapse for the soil to settle around them, 
‘ground resistances are measured and used 
as indicators of the amount of counter- 
poise required. This procedure does not 
usually delay construction; when neces- 
sary, counterpoise can be laid and its re- 
sistance measured with a transmission 
line in operation. Incidentally, this fact 
has permitted counterpoise to be applied 
readily to the improvement of old lines. 
Tower-footing resistances have been 
found to be more reliable indicators of 
counterpoise requirements than spot 
soil-resistivity measurements, because of 
the abrupt changes in soil characteristics 
which occur in the territory under con- 
sideration. This territory varies from 
comparatively level ground, partly 
wooded, partly cultivated, up to hilly 
country where abrupt changes in eleva- 
tion of a few hundred feet occur. Wher- 
ever rolling or hilly country is encoun- 
tered, the soil consists of heavy clays lib- 
erally interspersed with broken shale or 
large boulders. In level country near sea 


Table IV. Recommended Order for Installa- 


tion of Counterpoise Conductors 


1. Two 200- to 400-foot conductors at opposite 
sides of tower (Figure 2A) 


2. Four 200- to 400-foot conductors (Figure 2B) 


3. Conductors extended to adjacent tower on one 
side, then to adjacent tower in opposite direc- 
tion as required (see section III) 


4. Third conductor laid midway between other 
two (Figure 2C) 
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level, the soil is generally sand or river 
silt. 

It would be desirable to predetermine 
two characteristics of a counterpoise in- 
stallation: 


1. The levels to which ground resistances 
can be reduced from given initial tower- 
foundation resistances. 


2. _The amount of counterpoise conductor 
which will be required to attain the desired 
result, 


No satisfactory method of doing either of 
these things was found until some actual 
field experience was accumulated. Based 
on data such as that given in section VII, 
estimates could be made of the average 
wire needed and final ground resistance 
to be attained for towers -having founda- 
tion resistances in a given range. Even 
then, accurate estimates could not be 
made unless a large number of towers was 
considered, because the actual installa- 
tion at a given tower frequently varied a 
good deal from the average result. Each 
tower and span was considered sepa- 
rately, taking into account situations in 
which long counterpoise conductors were 
required, and the installation would 
serve to improve conditions at both tow- 
ers at the end of the span. In some cases 
it was found that certain towers would 
themselves require short counterpoise, 
while the neighboring tower would re- 
quire a continuous one. An installation 
of this type, designed to make satisfac- 
tory the worse of two grounding condi- 
tions, would reduce the final ground re- 
sistance of the low-resistance tower much 
below the optimum value. 

At those towers where large amounts 
of counterpoise conductor were called for, 
not more than three conductors in each 
direction from the tower were specified, 
because of considerations which were dis- 
cussed in section IV. 


VI. Ground-Resistance Measure- 
ments 


A common method for making ground- 
resistance measurements is the three-elec- 
trode method.!° With counterpoise con- 
ductors several hundred feet long,. the 
required spacings of the two temporary 
probes used in the three-electrode method 
become impractically large. A simple 
and practical substitute for the three- 
electrode method is the direct reference 
method, using the completed transmis- 
sion line and its grounds as the reference 
electrode.1? The ground resistance meas- 
ured by this method includes that of the 
reference electrode as well as that of the 
system being investigated. The ground 
resistance of an entire transmission line 
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is usually only a fraction of an ohm, mak- 
ing the observed resistance the ground re- 
sistance of the counterpoise system for all 
practical purposes. 

When applying the direct reference 
method, the counterpoise conductors are 
disconnected from the tower at which it 
is desired to obtain measurements and 
also from the next adjacent tower on each 
side, if the counterpoise is continuous. 
The counterpoise conductors are then 
electrically connected in parallel, and the 
resistance measured between their com- 
mon point and the tower. The overhead 
ground wire serves to connect the tower 
to the rest of the system. It has been 
found by tests that the ground resistance 
of a counterpoise system and a tower in 
combination is approximately the same 
as that of the counterpoise system alone. 
The reason for this phenomenon is that 
the tower foundation lies within the ex- 
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PER CENT REDUCTION IN GROUND 
RESISTANCE OF COUNTERPO!SE 


PERCENTAGE OF LOCATIONS WHERE REDUCTION 
EXCEEDED VALUE INDICATED BY ORDINATE 


Figure 3. Reduction of counterpoise ground 
resistance due to weathering, at 483 tower 
locations 


Counterpoise installed with a wire-laying 
plow 


tensive counterpoise system and does not 
contribute appreciably to the conductiv- 
ity of the system as a whole. 

In this connection it is of some im- 
portance to note that the same effect is 
present when ground rods of moderate 
length are used at tower foundations. 
Due to the size of a tower foundation in 
relation to that of the rod and the small 
amount of additional soil contacted, the 
ground rod has been found to reduce 
ground resistances only slightly below 
that of the foundation alone. Exceptions 
occur in those special cases where a con- 
ducting stratum has been reached by rods 
of moderate length or very long rods have 
been driven."! 

Practical considerations when making 
field measurements require that care be 
taken that corroded contacts do not cause 
inaccurate measurements. Defective elec- 
trical contacts may appear in the ground 
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RESISTANCE OF RADIAL WIRES AND SALTED RODS IN OHMS 
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Figure 4. Ground resistances produced by 

four 50-foot buried radial wires terminating in 

salted rods at 171 locations on the Safe 
Harbor—Westport 220-kv line 


at bonded joints in the counterpoise con- 
ductors and also at the tops of towers 
where the overhead ground wires are sup- 
ported. 


VII. Field Data 


Following the installation of counter- 
poise with a plow, there is a decrease in 
ground resistance during the ensuing 
period while the weather packs the soil 
into better contact with the buried con- 
ductor. This phenomenon has been 
found to be a highly variable one, inde- 
terminate at any given location except by 
actual measurements of ground resist- 
ance. For instance, it can be seen in 
Table V that the variations in reduction 
have been from 0) to 91 per cent of the re- 


Table V. Reduction of Ground Resistance of 
Counterpoise Due to Weathering at 483 Tower 
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Figure 5. Counterpoise characteristics at 216 
locations on the Holtwood—Coatesville 66-kv 
line 


In many cases, counterpoise is continuous from 
tower to tower and serves to reduce ground 
resistance at two towers 


sistances measured at time of installa- 
tion. After the initial weathering, fur- 
ther changes in counterpoise resistance 
have been found to be inappreciable. 
When making an installation, it has been 
the practice to allow for a reduction in 
ground resistance in order to limit the 
amount of wire used. In making this al- 
lowance, a balance was struck between 
an occasional installation of an excessive 
amount of counterpoise conductor as 
against the probable hazard of an oc- 


casional high footing resistance. In. 


some cases where little or no reduction 
materialized, additional counterpoise was 
installed after weathering had occurred. 
Figure 3 can serve as a basis for establish- 
ing a working rule. 

On the first line to which the principles 
of preventive lightning protection were 
applied, attempts were made to reduce 
the ground resistance of tower founda- 
tions by the addition of four 50-foot 
buried radial wires terminating in salted 
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Figure 6. Counterpoise characteristics at 100 
locations on the Safe Harbor—Perryville 132- 
kv line 


The longer counterpoises are usually continu- 
ous and serve to reduce resistances at two 
towers 


eight-foot ground rods. The results of 
this work are shown in Figure 4. In ad- 
dition to the individual points shown on 
the graph, the encircled crosses each rep- 
resent the average for 19 locations. This 
method of improving ground resistance 
was not satisfactory, because it did not re- 
duce most of the tower-footing resistances 
below the desired level of 16 ohms. Sub- 
sequently footing resistances were im- 
proved by the addition of counterpoise 
conductor. 

Figures 5 and 6 show the characteris- 
tics of counterpoise on two lines on which 
counterpoise alone was used to improve 
footing resistances. On the 66-kv line 
it was desired to obtain footing resist- 
ances below six ohms. On the 132-kv 
line the optimum value was ten ohms. 
As would be expected from the relative 
magnitude of the two desired final values, 
the economical maximum amount of wire 
which could be installed at a given loca- 
tion was reached more often on the 66-kv 


Table VI. Summary of Counterpoise Installations Where Ground Resistances Were Measured 
After Weathering Occurred 
Ground Resistances in Ohms 
Number 
Tower Foundation Counterpoise of Loca- 
Number tions Feet of 
of Meas- Where Conductor 
Tower ured Measured Installed Per 
Loca- Maxi- Opti- Maxi- Exceeds _ Tower Location 
Line tions mum Average mum mum Optimum Maximum Average 
Safe Harbor—Westport- 
M@akcoma)\(220i kv); -et se eet Genera AOO KN parade DO eee ee UGE se 31 2 7 
Safe Harbor=Riversidé gale wey el ee ee ee aes 
(220 kv).. eid a PDA alton A500 vee (ih Pose 16 18 
a ee See en BrOR ROT ite Ree oS Siefoe8 4,650. 4000 TIE led 
(132 kv).. wa 167 343 10 20 
ce ROM ORME esis beyh OO. cients yall Oswene serene Occs eee RPP ose 
Holtwood-Vork (66 kv)... sie 595, 4). 137 ea Bk 20 110 ses tet ra 
Holtwood-Coatesyille "(667g saat nea ae 
Ky) oigipusiiern ewAthayel int eae wd ook ZEGien eee ra Dh eg ee DAT aster eer ae PT lider aaiat LGRAeeS 2,400..... 1,612 
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ELECTRICAL ENGINEERING 


‘ 


_ produced on the opposite side. 


line 1 an ‘on the 132 io line. It must be 
borne in mind that the lightning perform- 
nce of these two lines is very good even 
3 hough the optimum conditions were not 
attained in many cases. 

The wide scattering of points in Fig- 
ures 4, 5, and 6 are attributed to the 
abrupt changes in soil conditions which 
were frequently encountered. Where 
salted rods were used, they frequently 
could not be driven to their full length of 


eight feet due to rocky conditions. Where 


counterpoise was used, lower resistances 
to ground were obtained in cultivated 
fields and pasture land than in woods, 
and in low sections, than on hills. As 
the counterpoise was laid, it frequently 
would pass from one soil condition to 
another, producing noticeably different 
results on one side of a tower from those 
In spite 
of the large variations in the results ob- 
tained at individual towers having similar 
foundation resistances, data of the type 
given have been useful in estimating the 
average requirements of projected in- 
stallations. 

It has not been the practice to remeas- 
ure the ground resistance of counterpoise 
at every location after weathering has oc- 
curred. It has been measured only at 
those locations where the values at time 
of installation were greater than the op- 
timum values. For this reason complete 
‘data cannot be given for all locations on 
every line. However, in Table VI an in- 
dication is given of the magnitude of re- 
ductions in ground resistance that have 
been obtained by the use of counterpoise. 
The criterion of the worth of preventive 
lightning protection is the outage record 
of the lines to which it has been applied. 
Such a record is given in Table VII, and 
counterpoise has played an important 


Aucust 1942, Vou. 61 


role in minimizing interruptions due to 
lightning. 


VUI. Summary 


1. There is apparently an optimum value 
of tower-footing resistance for a given level 
of insulation on a transmission line. This 
has been evaluated empirically as approxi- 
mately one-hundredth of the kilovolt flash- 
over value of the insulation. 


2. Three parallel wires in a counterpoise 


system seem to be the largest practical num- 


Table VII. Lightning Outages of Lines Hav- 
ing Counterpoise as Part of Preventive Light- 
ning Protection 


Outages Per 


Years 100 Miles 
of 5 of Line 
Line Record Outages Per Year 
Safe Harbor-— 
Westport-— 
Takoma (220 kv).10........ Teena ha, A 0.11 
Safe Harbor- 
Riverside 
RU EPI sy oe cer'e Ei sceystels pees Lies halers tus 0.50 
Safe Harbor- 
Perryville 
MORE CLO eo as wale aataus IL sierars (oi; eve 0.42 
Holtwood-York 
(BG Reveals «6 cisiss Dict keen ieee 5 1.46 
Holtwood-— 
Coatesville 
CBG EV) is cate cone « = Se Se Py 2.55 
ber. Such an installation provides six 


electrical paths away from a tower founda- 
tion. 


3. The counterpoise system installed at 
each tower on a line must be graded to the 
conditions at the tower location if uniformly 
low ground resistances are to be obtained at 
reasonable cost. Uniform low ground resist- 
ances along a line are to be preferred to a 
uniform counterpoise system. 


4. The ground resistance of a counterpoise 
system decreases for a period following 
installation due to settling of the soil around 
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the buried conductors. After the initial 
weathering period, seasonal variations usu- 


ally are small in the territory where observa- 
tions were made. 


5. The amount of counterpoise conductor 
installed and the final resistance obtained at 
towers having similar foundation resistance 
varied a good deal due to abrupt changes in 
soil conditions in the territory studied. In 
spite of the variations, the average results 
have been helpful in estimating conductor 
requirements for new work. 


6. Preventive lightning protection, in 
which counterpoise plays a prominent part 
by reducing tower-footing resistances, is 
very effective in preventing flashovers on 
high-voltage lines, 
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Electric Control for Steam Boilers on 
Diesel-Electric and Straight 


Electric Locomotives 


E. H. BURGESS 


NONMEMBER AIEE 


LECTRIC control is a necessity in 

the operation of. the modern steam 
boiler if the boiler is expected to have 
maximum efficiency, safety in operation, 
and constant operation at the various out- 
puts required. Installation and operating 
conditions vary over a wide range; there- 
fore, to meet these conditions the controls 
used differ in type and quantity in order 
to supply those actually needed for good 
operation, as well as those required to 
comply with rules and regulations under 
which the installations are permitted. 
Generally, the method of operation of 
such boilers can be classified in two cate- 
gories, namely, automatic and semiauto- 
matic, and these two classes will be dis- 
cussed in this article. 

Electric control is further separated 
into two component parts, where one 
group of items consists of the operating 
necessities for actual boiler operation, 
and the other of safety features required 
under legal regulations (including those 
needed for the safety of the equipment 
itself in case of failure of any major part). 


Automatic-Control Boilers 


OPERATING NECESSITIES 


To analyze the operation and use of 
each of the control items used for a com- 
plete automatic installation, it will be ad- 
visable to start with the basic boiler and 
add each electric item in the order of its 
use for normal operation. 

Current for igniting the atomized fuel 
is generally obtained from high-voltage 
transformers or magnetos, with the ma- 
jority of installations using the trans- 
former, because of its ability to give a 
very hot spark for complete combustion. 
With transformer ignition a source of 
alternating current is required, and this 
is obtained from a suitable rotary con- 
verter where the necessary direct current 
is taken from the locomotive batteries or 
control source. 

To provide constant ignition under all 
operating speeds of the boiler motor— 
including the off cycle of the boiler when 
no steam is being used—the converter is 
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connected directly across the line and is 
controlled by the master control switch. 
The rotary converter serves another pur- 
pose also by supplying alternating current 
for the electric-eye operation, which will 
be discussed later under safety controls. 

The pressure switch, operating directly 
from steam pressure, actuates the balance 
of the controls to regulate the required 
output. Where various output capaci- 
ties are required, a multifinger switch is 
used to vary the motor speed in accord- 
ance with steam output and it automati- 
cally cuts in the motor-speed relays to 
keep the steam pressure up to the operat- 
ing point. 

As less steam is used, the pressure 
switch causes the contact fingers to oper- 
ate in a definite sequence to slow down the 
motor, and thus only sufficient steam is 
made to replace that amount which is 
being used. When the steam consumption 
becomes greater than the output, the con- 
tact fingers operate in the reverse cycle 
and cause the motor to speed up in order 
that sufficient steam should be available 
for the requirements. 

Connected in the oil line is a solenoid 
valve used to stop the flow of oil when 
such operation is required. The valve coil 
receives its current from the main relay of 
the motor control and is only energized 
when the relay is closed and the motor 
running. During the off cycles of the 
boiler the motor relays are de-energized; 
therefore, the oil solenoid valve is closed 
to prevent any oil from collecting in the 
combustion chamber which might cause a 
minor explosion when the fire again lights. 
This valve is also kept de-energized when 
the main motor is being run, only for the 
purpose of filling the boiler with water, 
and is accomplished by an interlock in 
the master control switch. 

An important item in electric controls 
is the time-delay relay which has several 
functions during the normal operation. 
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When the boiler is ready to run, and the 
proper switches have been turned to their 
operating position, the time-delay relay 
is momentarily energized, but the con- 
tacts remain closed for a predetermined 
length of time. Unless the oil ignites and 
keeps burning during this predetermined 
time, the contacts will open and shut the 
boiler down. If the fire continues to burn, 
then the relay coil will become energized 
through the electric eye or stack switch 
operation, During the off cycles of the 
boiler, it is also necessary to keep this 
relay energized in order that the motor 
will again start when steam is required, 
and this is accomplished by an interlock 
on the motor relay or a separate pilot 
relay. The time-delay relay is generally 
adjustable, so that the predetermined 
time setting can be adjusted to suit the 
conditions required for various sizes and 
types of boilers. 


SAFETY FEATURES 


On any boiler installation safety control 
features must be included in order to 
comply with laws or regulations, and also 
to insure safety in operation of the boiler 
itself. To provide some means of stop- 
ping the boiler in case the fire does not 
properly ignite or goes out because of some 
defective part of the controls, some means 
must be provided to detect this condition, 
and transmit the proper impulse to the 
motor controls. Two methods are gener- 
ally used, one being the photoelectric- 
cell type and the other a stack switch 
whose contacts are operated by a bi- 
metallic helix. 
~ The photoelectric-cell method consists 
of locating the photoelectric cell so that 
it is affected by the oil flame in the com- 
bustion chamber, causing current to flow 
to the amplifying unit. The rectifying 
and amplifying unit used in conjunction 
with the photoelectric cell includes a 
sensitive relay that remains energized 
whenever the proper flame is burning 
in the boiler. If the flame should go 
out while the motor is still running, the 
sensitive relay acts on the time-delay 
relay, which will stop the motor after 
the predetermined time lag. During 
normal operation, where the pressure 
switch stops the motor and cuts off the 
flow of oil, a pilot-relay interlock keeps 
the time-delay relay energized even 
though the sensitive relay contact is 
open. 

Stack-switch control is similar to the 
photoelectric cell except that the contacts 
are opened and closed mechanically by 
the bimetallic helix which is, in turn, 
affected by the temperature of the gas 
surrounding it in the smoke stack. These 
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Figure 1. 


contacts are normally open and they close 
when a relatively low stack temperature 
has been reached such as one resulting 
from a continuous burning fire. 

Where air, under pressure, is used to 
atomize the fuel oil, an air control switch 
is incorporated in the controls to insure 
that sufficient air of proper pressure is 
fed to the oil nozzle, so that the combus- 
tion will be complete and retain a clean 
fire. The air control switch is usually set 
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Front view of automatic steam boiler 


Figure 2 (left). Side 


automatic 


view of 
steam boiler 


to open the control circuit when a reduc- 
tion of air pressure in the feed line reaches 
a point that will affect the combustion 
quantity of stack smoke and efficiency. 
To protect against excessive high steam 
temperature, a high-temperature switch 
is incorporated in the control circuit to 
open the motor circuit when the tempera- 
ture limit is reached. One type of switch 
uses an alloy that melts at this tempera- 
ture and, in doing so, opens a spring set 
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CONTROL SWITCH 


Figure 3. Schematic 
3 OPERATING POSITIONS 


wiring diagram for 


described boiler 


TEST 
OFF 
START | |_| 


[RUN | | Jele| jel | 


contact. To reset, the molten alloy must 
first cool and harden in order to hold the 
contacts closed for further operation of the 
motor controls. 

A periodic blowdown of the coils is 
necessary to remove sediment and other 
foreign materials from the coils and pipe 
lines connected with them. To facilitate 
this operation a coil blowdown valve is 
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installed in the water intake line, and in- 
corporated with it is an electric push- 
button assembly. When the valve is open 
the electric circuit is open, so that the 
boiler cannot run while steam is being 
blown back, and the boiler cannot be re- 
started until the valve is fully closed. 

To guard against excessively high stack 
temperature, which is an indication of 
some faulty adjustment or badly sooted 
coils, a stack switch is located in the 
smoke stack, and its contacts are oper- 
ated by a bimetallic helix. The high tem- 
perature contacts are normally closed and, 
once opened, have to be reset manually 
and only after the temperature has de- 
creased sufficiently to enable the contact 
mechanism to re-engage. Installations 
that use a stack switch instead of photo- 
electric cell for a low fire control have 
both low and high temperature contacts 
operated by acommon helix inone housing. 


ALARM MECHANISM 


Audible or visual alarms are used with 
boiler controls, depending on the type of 
installation and rules of the operator. In 
general, the alarm circuit consists of a 
suitable relay whose contacts, when 
closed, ring a beil or light a series of lamps, 
or both. The alarm relay is connected 
into the boiler control circuit so that the 
opening of the contacts of the various 
safety features will not only shut down 
the boiler, but it will also give the desig- 
nated alarm. ; 

Figure 1 shows the front view of a typi- 
cal automatic boiler equipped with con- 
trols as mentioned above. The multi- 
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finger pressure switch is shown to the 
right of the gauge box and in front of the 
air intake. Control cabinet directly be- 
low the gauge box contains the starting 
and speed-selection switch, time-delay 
relay, pilot relay and terminal-connection 
panel. The master motor for driving the 
blower wheel, water pump, and oil pump 
is shown mounted directly beneath the 
control cabinet. At the lower right-hand 
corner is shown a cutout box in which is 
located the electric push button used in 
conjunction with the coil blowdown valve. 

Figure 2 shows the side view of the 
same boiler. At the upper left position 
is shown the side view of the multifinger 
pressure switch as previously described. 
To the right of the pressure switch is 
shown the ignition transformer and the 
high-voltage wires connected to the spark 
plugs which are near the top of boiler. 
The oil solenoid valve is shown directly at 
the top of boiler above the peep sight 
case. Just below the smoke-stack con- 
nection is shown the stack switch, 
mounted in the smoke hood, and to its 
right the high-temperature switch is 
mounted in the steam line. 

Figure 3 is a schematic wiring diagram 
used in conjunction with this type of 
boiler and shows the connections between 
the various electrical operating controls 
and safety features. 


Semiautomatic-Control Boilers 


Semiautomatic-control boilers are es- 
sentially the same as the fully automatic- 
control boilers except for a few operating 
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differences. The pressure switch is of 
the single-finger type, which opens and 
closes in accordance with the steam pres- 
sure selected but has no effect on the 
speed of the driving motor other than 
start and stop. Speed selections of the 
motor are made with a manual selector 
switch which connects to the motor vari- 
ous amounts of resistance, depending on 
the position of the switch. By this means. 
the operator adjusts the motor speed, so 
that the steam output of the boiler will be 
satisfactory for the load it has to carry. 
Where motors used are of such size that 
motor starters are required, the necessary 
step control relays and starting resistance 
are needed in addition to the manual 
selector switch for actual speed-control 
setting. 

Controls of this type are naturally 
limited to installations where the load is 
relatively constant for considerable 
lengths of time, or where an attendant is 
readily available to change the motor 
speed setting as often as necessary. 

Electrical controls for steam boilers. 
play such an important part in their op- 
eration, that any amount of time spent in 
developing the correct type is warranted 
by the practical results obtained. Full- 
time operation at maximum output and 
highest efficiency can be had only with 
electric controls that perform their re- 
spective functions in the way intended. 
The items mentioned in this article have 
been selected, from past experiences, to. 
be necessary for proper operation and 
complete control of all functions of the 
boiler, including the safety requirements. 
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rt Electronics of the Fluorescent Lamp 


MARK A. TOWNSEND 


ASSOCIATE AIEE 


HE fluorescent lamp is one of the re- 
cent and rapidly growing additions to 
the field of electronic devices. In order 
to understand properly the characteris- 
tics of the fluorescent lamp, it is necessary 


_ just as with other electronic devices, to 


rer 


know something about the fundamental 
principles of operation. It is the purpose 


of this paper to describe the operating 
_ principles of this type of lamp, both as an 
_ electrical conductor and as a radiation 


generator. Following a brief outline of 
the properties of radiant energy as they 
concern lamp design, a description is given 
of the phenomena occurring in the sepa- 
rate regions of the lamp. The final sec- 
tion of the paper is concerned with the 


_ over-all characteristics of the lamp con- 


sidered primarily as a circuit element. 
The purpose of any electric lamp is to 


convert electric energy into radiant en- 


ergy. The usefulness of a lamp depends 
not only upon the efficiency with which it 
converts the input energy into radiation, 
but also upon the suitability of the pro- 
duced radiation for the particular appli- 
cation involved. The following descrip- 
tion of radiant energy is presented to indi- 
cate requirements placed on a lamp as re- 
gards radiation output. In order to indi- 
cate the similarity of lamps to other elec- 
trical equipment, radiation is described 
in terms of frequency rather than by the 
more conventional wave-length designa- 


* tion. For the benefit of those more famil- 


iar with the wave-length description, 
important values are given in both units. 


Radiant Energy 


To be useful as light, the radiant energy 
produced by a lamp must fall within the 
region of the spectrum to which the hu- 
man eye is sensitive. This region is shown 
in relation to the remainder of the elec- 
tromagnetic spectrum by the chart of 
Figure 1. Although the ultraviolet and 
infrared regions of the spectrum immedi- 
ately adjacent to the visible are not di- 
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rectly useful for illumination, they are 
increasing in importance for other uses, 
and the term lamp has been extended by 
common usage to include sources of radia- 
tion in these regions of the spectrum. 
The range of frequencies covered by com- 
mercially available lamps is shown in the 
expanded portion of Figure 1, 


It is desirable to control the processes 
of energy conversion within a lamp so 
that the proper frequency of radiation is 
obtained for each intended application. 
This may be illustrated for visible light 
by the curve of Figure 2, which shows the 
average response of the light-adapted 
human eye as a function of frequency. 
This may be compared with the response 
of a radio receiver tuned to a frequency 
of 540X10!? cycles per second, corre- 
sponding to a wavelength of 5,550 ang- 
strom units (A). It is apparent that the 
greatest possible light-producing  effi- 
ciency would be obtained with a lamp 
which converted all the energy input into 
radiation at this frequency. Such a lamp 
would be a green light source having an 
efficiency of approximately 620 lumens 
per watt. However, the usefulness of 
such a lamp would be limited because of 
its color. When a lamp produces radia- 
tion at any frequency other than 540 
10? cycles per second, its luminous effi- 
ciency is necessarily lower than the above 
value. For example, a lamp which con- 
verted all the input energy into radiation 
within the visible region having the same 
spectral distribution as average daylight 
would have a luminous efficiency of only 
220 lumens pér watt. 

In the incandescent lamp, the spectral 
distribution of the output radiation is 
continuous throughout the spectrum and 
is controlled by the operating tempera- 
ture of the filament. Since the energy 
distribution is continuous, it.is not pos- 
sible to confine the output to a narrow 
range of frequencies, except by filtering 
out and thus wasting the undesired radia- 
tion. In a gaseous discharge lamp the 
frequency of the output radiation is fixed 
by the kind of gas, each gas having cer- 
tain characteristic frequencies which it 
can radiate. The relative amounts of 
energy radiated at the different frequen- 
cies can be controlled by the type of dis- 
charge. A good example of this method 
of control is given by two types of mer- 
cury lamps: in the low-pressure germici- 
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dal lamp most of the radiation from the 
mercury is concentrated in the short-wave 
ultraviolet, while in the high-pressure 
capillary lamp a major portion of the 
radiation is produced in the visible and 
long-wave ultraviolet regions. In the 
fluorescent lamp the output frequency is 
controlled by the choice of the fluorescent 
coating, as will be described later in this 
paper. However, the operation of the 
fluorescent lamp also involves a gaseous 
discharge in which, as in the simple dis- 
charge lamp, the most important con- 
trolling factors are the nature of the gas 
and the type of discharge. The electron- 
ics of the fluorescent lamp are concerned 
with the operation of this gaseous dis- 
charge, both as a circuit element and as a 
radiation generator. 


Principle of the Fluorescent Lamp 


The process by which the fluorescent 
lamp converts electric energy into visible 
radiation is analogous to that of two 
energy converters connnected in series. 
The first of these is a gaseous conduction 
lamp which is designed to convert electric 
energy into ultraviolet radiant energy. 
This lamp usually takes the form of a 
glass tube having a length of from 10 to 50 
diameters. Within the tube is a small 
drop of mercury producing a mercury 
vapor pressure corresponding to the tem- 
perature of the tube wall. Also present 
is a low pressure of argon gas. Specially 
designed electrodes at each end of the 
tube are connected to the external circuit 
by means of vacuum-tight glass-to-metal 
seals. In operation this constitutes a low- 
pressure mercury vapor discharge lamp 
which can be made to convert 50 per cent 
or more of the electric energy input into 
ultraviolet radiation of wavelength 2,537 
angstrom units corresponding to a fre- 
quency of 1,182 10! cycles per second. 


The second energy converter in the 
fluorescent lamp is a frequency changer 
which converts the 1,182 10!” cycles per 
second radiation into visible radiation 
with frequencies between 750 and 430 
10!2 cycles per second (4,000-7,000 ang- 
strom units). This frequency converter 
consists of a coating of fluorescent pow- 
ders which is applied to the inside surface 
of the discharge tube. This frequency 
conversion process is relatively high in 
efficiency so that, when it is combined 
with an efficient source of the exciting 
radiation, a high over-all lamp efficiency 
is produced.'? Although a major por- 
tion of this paper is devoted to the gase- 
ous conductor, a brief description of the 
characteristics of fluorescent powders is 
necessary in order to illustrate the require- 
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ments which the gaseous conductor must 
meet. 


Fluorescent Materials 


Certain materials, known as_ phos- 
phors,* have the property of emitting 
visible light when they are exposed to ex- 
citing agents such as cathode rays, X rays, 
and ultraviolet radiation. The light thus 
produced is called fluorescent light, and 
most engineers are familiar with this 
property as used in the fluorescent screen 
of the cathode-ray oscilloscope and the 
X-ray fluoroscope. However, by far the 


By properly mixing these different phos- 
phors, one can obtain almost any desired 
color of light. The curves of Figure 3 
show the distribution of the energy output 
with respect to frequency for daylight, 
blue, and pink fluorescent lamps. The 
continuous curves represent the energy 
radiated from the phosphor; the dotted 
rectangles represent the relatively small 
amount of visible energy produced 
by the mercury discharge.* It should be 
pointed out that the curves given in Fig- 
ure 3 are plotted with respect to frequency, 
and they therefore differ in shape from 
curves plotted with a uniform wave- 
length scale. Ordinates have been se- 
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most efficient method of exciting these 
phosphors is the use of ultraviolet radia- 
tion, as in the process used in the fluores- 
cent lamp. 

The color of the fluorescent light de- 
pends upon the type of phosphor and the 
methods by which it is prepared and is 
not, in general, influenced by the fre- 
quency of the exciting radiation. Table 
I lists some of the phosphors used in 
fluorescent lamps and gives the predomi- 
nant color of the light which they emit. 
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seen that these have their maximum sen- 
sitivity in the region near 1,182 10!" 
cycles per second (2,537 angstrom units), 
which is the radiation most efficiently 
produced by the low-pressure mercury 
discharge which makes up the gaseous 
conductor of the fluorescent lamp. 


The Gaseous Conductor 


A glass tube filled with neutral gas 
atoms, as, for example, an unexcited 
fluorescent lamp, is an almost perfect in- 
sulator. Even if electrons are freely in- 
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troduced into the gas, only small currents 
can be made to flow with the usually 
available voltages, so long as the gas 
atoms remain electrically neutral. The 
reason for this is that the space charge 
produced by the electrons limits the flow 
of current. Only by breaking up the 
atoms of the gas into charged particles, or 
in other words, “ionizing” the gas, can 
reasonably large currents be made to 
flow. This process of ionization is essen- 
tial to the operation of almost every 
type of gaseous conductor. In the case of - 
a rectifier, thyratron, or similar device, 
the passage of current is the chief func- 
tion of the discharge, and conditions are 
preferably arranged so that a minimum 
amount of energy is absorbed by the con- 
ductor. The primary purpose of the gas 
discharge lamp, on the other hand, is to 
produce radiation. As will be described 
later in the paper, radiation is obtained 
from “‘excited’’ atoms which have ab- 
sorbed energy from the discharge. Hence, 
in the discharge lamp, conditions are 
preferably arranged so that as much en- 
ergy as possible is absorbed by the con- 
ductor in the formation of excited atoms. 

The gaseous conductor of the fluores- 
cent lamp may be separated into three 
main regions, namely, the cathode region, 
the anode region, and the positive column. 
The most important of these is the posi- 
tive column, which includes most of the 
length of the lamp, and in which most 
useful excitation (and hence radiation) is 
produced. The cathode and anode re- 
gions serve to connect the positive column 
to the external circuit. These are regions 
of low light-producing efficiency and, for 
this reason, conditions in general are 
chosen so that they consume as little as 
possible of the total lamp wattage. On 
alternating current the same electrode 
structure must serve alternately as anode 
and cathode, although the electronic 
phenomena are greatly different for the 
two functions. Before considering in de- 
tail these regions of the discharge, a 
brief description will be given of the fun- 
damental processes of excitation and 
ionization. 


EXCITATION AND IONIZATION 


Although there are many ways in 
which atoms may be excited and ionized, 
in a gas discharge lamp, we are primarily 
interested in excitation and ionization by 
electron collision. For the purposes of our | 
description an atom may be pictured as a 
positively charged nucleus surrounded by 
a number of electrons. The mass of the 
nucleus is very heavy compared to that of 
an electron. In the normal state of the 
atom, the number of electrons is just 
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icient to neutralize the positive charge 
of the nucleus and in addition the internal 
nergy of the atom is at its minimum 
value. If this normal atom is struck by 
an electron, the collision may be as be- 
ween elastic spheres, and, due to its 
great mass, the atom will absorb very 
little energy from the electron. The 
small amount of energy which is absorbed 
in such a collision appears as a change in 
velocity of the atom (increase in thermal 
energy of the atom). If, however, the 
colliding electron possesses more than a 
‘certain minimum amount of energy, 
there exists a probability that the atom 
- make an inelastic collision and ab- 
sorb a definite amount of energy from the 


electron. In this process one (in rare 
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Figure 2. Average relative response of the 
light-adapted human eye as a function of 
frequency 


cases more than one) of the electrons of 
the atom is changed from its normal state 
to a state of higher potential energy, and 
the atom is said to be “‘excited.’’ In the 
new state the electron is more loosely 
attached to the nucleus but is still a part 
of the original atom; hence, an excited 
atom is still electrically neutral. For each 
different kind of gas atom certain char- 
acteristic discrete states of potential 
energy are possible, and these are usually 
called energy levels. An atom does not 
remain in an excited state indefinitely, 
but in most cases very quickly returns to 
the normal state and releases the energy 
of excitation in the form of radiant en- 
ergy. The frequency of the radiation 
emitted during the transition from one 
level to a lower level depends upon the 
energy difference between the levels, and 
is given by the equation: 


f=242.9X10"V cycles per second (1) 


where f is the frequency of the emitted 
radiation and V is the energy difference 
expressed in electron-volts (an electron- 
volt is the energy gained by an electron 
in traversing a potential difference of one 
volt). When several possible energy 
levels lie between a given excited state 
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and the normal state, this transition may 
occur in several steps. 

The lowest energy level (neglecting 
metastable states) from which a mercury. 
atom can return to the normal state corre- 
sponds to an energy difference of 4.86 
electron-volts. This transition, by equa- 
tion 1, produces radiation at a frequency 
of 1,182 10! eycles per second, which is 
the radiation desired for exciting the 
phosphor in the fluorescent lamp. 

Ionization is a process similar to excita- 
tion except that the energy absorbed by 
the atom in question is sufficient com- 
pletely to remove one or more of its elec- 
trons. An atom which has lost an elec- 
tron is positively charged and is known 
as a positive ion. Ionization may be pro- 
duced in one step, if the colliding electron 
has energy greater than a certain value 
known as the minimum ionizing potential. 
This value for mercury is 10.38 electron 
volts. Other types of ionizing collisions 
exist, but there is evidence that they are 
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from 15-watt fluorescent lamps of different 
colors 


of lesser importance under the conditions 
of the fluorescent lamp. 

The manner in which these fundamen- 
tal processes of excitation and ionization 
are utilized in a fluorescent lamp will now 
be considered. 


THE CATHODE REGION 


The cathode in a fluorescent lamp is of 
the type commonly known as oxide-coated 
(or Wehnelt) and consists of a coil of 
tungsten wire activated by means of a 
coating of alkaline-earth oxides such as 
barium and strontium oxides. During 
starting, the cathode is preheated, and for 
this purpose two external leads are pro- 
vided to permit passage of the heating 
current directly through the cathode coil. 
After starting, the discharge provides 
sufficient heating of the cathode, and ex- 
ternal heating is not required. 

In normal operation only a small por- 
tion of the cathode area is heated by the 
discharge to an electron emitting tem- 


perature, and the available zero-field 
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emission current is considerably less than 
the total lamp current. Under these con- 
ditions a positive-ion space charge builds 
up at the cathode and produces an elec- 
tric field at the cathode surface. The 
region of high electric field is called the 
cathode sheath. This field very greatly 
increases the electron emission in a man- 
ner which is characteristic of activated 
surfaces.° The generally accepted picture 
of the cathode phenomena under these 
conditions is as follows. ® 

Electrons emitted by the cathode are 
accelerated by the field which exists in 
the above-mentioned positive-ion cathode 
sheath. The voltage drop across this 
region is known as the cathode fall and 
has a value slightly larger than the 
minimum ionizing potential of the gas 
which surrounds the cathode. The elec- 
trons from the cathode thus acquire 
energies capable of ionizing and exciting 
the atoms with which they collide in the 
region beyond the positive ion sheath. 
The positive ions produced in this region 
diffuse in all directions, and those moving 
toward the cathode counteract the space 
charge of the electrons and create the 
field of the cathode as described above. 
Because the positive ions have masses 
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many times greater than the electrons, 
they move much more slowly, and there- 
fore relatively few are required to counter- 
act the space charge of the electrons. 
In the case of mercury, the relative veloci- 
ties of an electron and a positive ion, both 
having the same energies, are approxi- 
mately 600 to 1. 

An approximate calculation of the 
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zero-field emission current under actual 
lamp-operation conditions will serve to 
illustrate the order of magnitude of the 
quantities involved. For an eight-watt 
lamp cathode operating at 0.18 ampere, 
observed values of emitting area and tem- 
perature are approximately 0.01 square 
centimeters and 1,180 degrees Kelvin, re- 
spectively. Using the data given by 
Dushman,’ the zero-field emission current 
is calculated to be 0.75 ampere per square 
centimeter, giving a total current of 0.007 
ampere. Thus, for the particular condi- 
tions here described, the zero-field emis- 
sion is only about four per cent of the 
total lamp current. This figure agrees in 
order cf magnitude with the value of ten 
per cent given by Found® for a similar 
type of cathode. That the observed cur- 
rent is so much greater than this zero-field 
value is explained by the above-mentioned 
action of the electric field at the cathode. 
In addition a small fraction of the current 
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Figure 5. One of the common automatic 
starting circuits for fluorescent lamps 


is carried by the positive ions which move 
toward the cathode. 

The electrons from the cathode, after 
producing ions in the region beyond the 
cathode sheath, have relatively low ener- 
gies. By some mechanism not well un- 
derstood, these electrons acquire a ran- 
dom distribution of velocities corre- 
sponding to a Maxwellian distribution. 
(When velocities are distributed in this 
manner, they may be represented by an 
equivalent temperature 7,, just as the 
velocities of the atoms of a gas are repre- 
sented by the gas temperature. Thus we 
can speak of an electron temperature.) 
These low-energy electrons and the posi- 
tive ions both diffuse from the cathode 
glow region and after a short distance 
enter a region where the voltage gradient 
begins to rise. This is where the positive 
column begins. 


THE POSITIVE COLUMN—CONDUCTION 
PROCESSES 


The positive column is a region charac- 
terized by a uniform voltage gradient and 
a uniform degree of ionization throughout 
its length. Electrons entering from the 
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cathode region gain energy from the gra- 
dient along the tube but nevertheless 
maintain a Maxwellian distribution of 
velocities, which corresponds to a tem- 
perature greater than that of the entering 
electrons, and which is many times greater 
than the temperature of the gas. These 
electrons drift toward the anode under the 
influence of the longitudinal gradient and, 
because they move faster than the posi- 
tive ions, constitute all but a negligible 
fraction of the discharge current. This 
drift velocity of the electrons is small 
compared with their random velocities. 
In moving through the gas, these elec- 
trons collide with atoms of the gas, and 
some of these collisions result in the for- 
mation of positive ions and additional 
electrons. The electrons and positive 
ions have essentially equal concentrations 
in the positive column, and both diffuse 
toward the wall. As a result of their 
smaller mass, the electrons have higher 
velocities and tend to diffuse faster than 
the positive ions. This difference in rate 
of diffusion produces a radial electric 
field which accelerates the motion of posi- 
tive ions and slows up the motion of elec- 
trons to the wall, until the two rates are 
just equal. This condition is necessary, 
because obviously the net current to the 
wall must be zero. It is apparent that the 
greater the electron velocities, the greater 
must be this radial field, and hence the 
greater must be the rate at which positive 
ions are lost to the wall. Tonks and 
Langmuir? have developed a relation 
called the plasma balance equation which 
expresses the rate at which ions are lost 
to the tube wall as a function of the elec- 
tron temperature. 


Not only is the rate at which ions are 
lost to the tube wall dependent on elec- 
tron temperature, but also the rate at 
which they are generated is a function of 
the electron temperature. This follows 
from the fact that the probability that an 
electron will produce ionization by colli- 
sion increases with the energy of the elec- 
tron in excess of the minimum ionizing 
energy. (For very high energy electrons 
this probability decreases again.) This 
probability can be measured and is known 
for mercury vapor.’ Thus it is possible 
to calculate the rate at which ions will be 
produced in a gas by electrons having any 
given electron temperature.® 

In the steady state, for the type of dis- 
charge used in the fluorescent lamp, the 
rate at which ions are produced must 
equal the rate at which they are lost to 
the tube wall. Therefore the equations 
expressing the rate of ion generation and 
the rate of ion loss can be equated as 
shown by Found.!¢ 
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veh V)e WT eseTe,(me) (2) 
where V7 is the voltage equivalent of the 
electron temperature, V; the minimum 
ionizing potential of the gas, s, is a factor 
dependent on the geometry of the con- 
tainer and the gas pressure, a is the tube 
radius, B is a constant relating to the 
probability of ionization which can be 
measured for any given kind of gas, 7, 
and P, are respectively the temperature 
and pressure of the gas within the tube, 


and m, and m, are respectively the mass — 


of an electron and the mass of a positive 
ion of the gas. From this equation it is 
possible to calculate the electron tem- 
perature for a tube containing a given gas 
at a known pressure by means of known 
constants. It can be seen that for any 
given gas the electron temperature (elec- 
tron energy) decreases with an increase 
in tube radius and gas density and that 
the electron temperature remains con- 
stant as long as the product of gas den- 
sity and tube radius remains constant. 
This equation does not describe the ex- 
perimental fact that the tube gradient 
decreases with an increase in arc current. 
This property of the positive column of 
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Figure 6. Simple resistively ballasted opera- 


ting circuit 


the fluorescent lamp is accounted for 
partly by an increase in mercury vapor 
pressure with an increase in input watts. 
In addition, Tonks and Langmuir® pro- 
pose the explanation that two-stage ioni- 
zation processes would permit lower en- 
ergy electrons to produce ions and would 
therefore require a lower electron tem- 
perature than is needed for single-stage 
ionization conditions. 

As was stated above, the positive ions 
are produced in the positive column only 
by the higher-velocity electrons in the 
Maxwellian distribution. This fact is of 
great importance in the production of 
radiation from a gas discharge lamp. 


THE PosiITIvE COLUMN—RADIATION 
GENERATION 


In order to obtain a sufficient number. 


of high-velocity electrons to satisfy the 
need for positive ions in the positive col- 
umn, it is necessary (because of the Max- 
wellian distribution of velocities) to create 
a much larger number of lower-velocity 
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electrons. For example, if the average 
energy of the electrons is two electron 
volts, only 1.5 per cent of the total num- 
ber have energies above the minimum 
ionizing potential of mercury, while 18 
per cent have energies greater than the 
minimum excitation potential of mercury. 
Thus the process of radiation generation 
is only indirectly the result of the passage 
of current through the discharge tube. 
‘It follows that in order to increase the 
amount of radiation at any given fre- 
quency it is necessary to adjust the con- 
duction processes so that the resulting 
electron energy approaches an optimum 
value for exciting the gas atoms to the 
desired energy level. In the practical 
lamp ideal conditions cannot be reached, 
because of considerations regarding total 
light output for a given size of lamp and 
other factors which cannot be considered 
here, relating to the lamp as a light source 
rather than as an electronic device. 


THE ANODE REGION 


The anode region serves to connect the 
positive end of the positive column to the 
external circuit. Conditions at the anode 
are similar to those at the tube wall, ex- 
cept that the electron current reaching 
the anode must exceed the positive ion 
current by an amount equal to the cur- 
rent through the tube. If the anode area 
is large enough, so that the rate at which 
the electrons strike it as a result of their 
random motions is equal to the discharge 
current, no anode drop is necessary. If 
the anode area is larger than this, it de- 
velopes a negative voltage with respect 
to the gas and repels electrons, until the 
net current reaching it just equals the 
tube current. If the anode area is too 
small, it develops a positive voltage with 
respect to the gas and attracts electrons 
until the net current collected is equal to 
the drift current. In this case a sheath 
builds up around the anode, until the 
electron current entering the sheath is 
equal to the discharge current. The area 
of this sheath is then the effective anode 
area, By convention, a positive anode 
drop means an increase in tube volts. In 
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the fluorescent lamp, the anode area is 
such that the average anode drop has a 
positive value of approximately seven 
volts. This value is primarily deter- 
mined by the requirements of cathode 
heating. 


ELECTRODE HEATING 


No mention has been made of the man- 
ner in which cathode is heated, except to 
state that this is done by the discharge. 
This process will now be discussed more 
in detail. On alternating current, each 
electrode functions alternately as anode 
and as cathode. During both half cycles, 
heat is removed by conduction and radia- 
tion, and a small amount of heat is pro- 
duced by the passage of current through 
the cathode coil. During the cathode 
half cycle an additional loss of heat oc- 
curs as a result of the evaporation of elec- 
trons from the cathode, and at the same 
time heat is gained from the positive ions 
which reach the cathode. On the anode 
half cycle heat is supplied by the elec- 
trons, which are accelerated through the 
voltage drop in the anode sheath and de- 
liver this energy—in addition to their 
thermal energy and the heat of conden- 
sation—to the electrode. This is the most 
important source of electrode heating 
in a-c operation. The total net heating 
is the average of that produced on the 
two half cycles, and in the usual fluores- 
cent lamp this is more than sufficient to 
raise the cathode to an operating tempera- 
ture. In fact, it is usually necessary to 
attach projections to the electrode to re- 
duce the amount of heat gained on the 
anode half cycle, in order to prevent evapo- 
ration of the cathode material. 


Over-All Characteristics of the 
Fluorescent Lamp 


Like most electronic devices the opera- 
tion of the fluorescent lamp is greatly 
influenced by the characteristics of the 
circuit to which it is connected. Conse- 
quently, any description of lamp charac- 
teristics must be made with reference to 
a particular set of circuit conditions. 
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For reasons to be described in this sec- 
tion, the fluorescent lamp cannot be sat- 
isfactorily started and operated unless the 
line voltage is greater than the lamp volt- 
age. Consequently a voltage-absorbing 
device must be connected in series with 
the lamp to absorb the difference between 
the two. This necessary difference be- 
tween lamp voltage and line voltage is the 
determining factor in selecting the amount 
of ballast required. Commercially this 
ballast consists of a resistance for d-c 
operation, while on alternating current it 
may be a resistance, an inductance, or a 
combination of inductance and capaci- 
tance. The commonly made statement 
that a ballast is required because of the 
negative volt-ampere characteristic of the 
lamp is true, but there are other equally 
important reasons for its use. These 
reasons are, as will now be described, the 
need for lamp starting, the need for good 
regulation with changes in line voltage, 
and the need for good current wave shape 
on a-c circuits. 


LAMP STARTING 


In order to start a fluorescent lamp, it 
is necessary to ionize the gas between the 
electrodes and to heat the cathodes to an 
electron-emitting temperature. Perhaps 
the simplest method of accomplishing this 
is to apply a voltage several hundred 
volts in excess of the normal lamp-operat- 
ing voltage across the lamp terminals. 
With this method of starting, however, 
the cathodes are required to emit elec- 
trons before the discharge has time to heat 
them to an emitting temperature, and the 
resulting high cathode drop may produce 
destructive sputtering of active material 
from the cathode surface. Also a dis- 
advantage of this method of starting is the 
fact that the size and wattage loss of the 
ballast are greater than would otherwise 
be required. Conventional starting cir- 
cuits avoid these difficulties by the use of a 
switch which connects the cathodes in 
series with the ballast, so that they are 
adequately preheated, and then opens the 
circuit to provide an inductive surge to 
start the lamp. The circuit of Figure 5 
shows a thermal switch arrangement used 
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for automatic starting of the 100-watt 


fluorescent lamp. Contacts are mounted 
on bimetallic elements, so that they can be 
opened by heat. produced in heater H. 
When the main line switch is closed, the 
short-circuit current of the ballast pre- 
heats the cathodes. Heater H is con- 
nected in series, and after time has been 
allowed for the cathodes to be heated, con- 
tacts C-C are caused to open. The result- 
ing inductive surge starts the lamp, and 
lamp current then flows through heater H, 
keeping the contacts open. This starting 
action may also be accomplished by 
means of a glow switch." In the case of 
direct current, if the ballast consists of a 
resistor, no inductive surge is produced 
when the switch opens. This difficulty is 
overcome by using a series inductance 
which does not contribute to the ballast- 
ing, but which supplies the necessary in- 
ductive starting surge. 


OPERATING STABILITY 


On a perfectly regulated line, a fluores- 
cent lamp would theoretically require a 
ballast just sufficient to offset the negative 
volt-ampere characteristic of the arc, and 
the lamp voltage could be made nearly 
equal to line voltage. In a practical cir- 
cuit, however, the ballast must be greater 
than this value, in order to take care of 
normal variations in line voltage. 

This fact can be demonstrated by the 
following approximate analysis of a resis- 
tively ballasted lamp. Over the normal 
range of operating currents, the lamp volt- 
age changes by only a small amount and 
consequently can be treated as a constant. 
Referring to the circuit of Figure 6 


Vo=ViptZIR and IV,,=lamp watts 
= Wp 
dV,=RdI and dW z= Vzpd1 


Expressing the change in watts as a frac- 
tion of the total lamp watts 
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From the above equations we see that, if 
the lamp voltage were half the line voltage 
five per cent change in line voltage would 
produce a ten per cent change in lamp 
wattage, while if the lamp voltage were 
two-thirds the line voltage, a five per cent 
change in line voltage would produce a 15 


per cent change in lamp wattage. How 
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nearly the lamp voltage may be made to 
approach line voltage is limited by the per- 
missible variation in lamp watts and by 
the expected variation in line voltage. 

With an inductive ballast a similar 
analysis gives the relation 


CW eV: 
Wrp Vo Ce Vip’) 


so that on this type of ballast the lamp 
voltage may be made to approach more 
nearly the line voltage for the same regula- 
tion than is the case with resistive ballast. 
In practice the wattage changes are 
greater than shown here, because the lamp 
voltage decreases with an increase in cur- 
rent. For most commercial ballasts the 
ratio of line volts to lamp volts is approxi- 
mately 2 to 1. 


Table 1. Phosphors Commonly Used in 
Fluorescent Lamps! 
oa A og 
oq. ge 
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Phosphor Bae Fos oO 
Calcium tungstate...... 680...4,400.. Blue 
Magnesium tungstate. ..625...4,800. . Blue-white 
ZANCISIiCate annie ea aisiere 570...5,250..Green 
Zinc beryllium silicate. ..505...5,950. . Yellow- 
white 
Cadmium borate....... 484...6,150..Red 


In addition to resistive and inductive 
ballast, a third type of ballast is used in 
commercial circuits. This consists of a 
combination of an inductance and a ca- 
pacitance connected in series. This type of 
circuit has a more nearly constant current 
characteristic, and it is possible to operate 
the lamp more nearly equal to line voltage. 
Such circuits are usually used in conjunc- 
tion with inductive ballasts, and the regu- 
lation of the inductive ballast controls the 
choice of line voltage as explained above. 


WAVE SHAPE 


On alternating current it is necessary 
also to consider the requirements of wave 
shape of current and voltage. This re- 
sults from the fact that on alternating cur- 
rent the lamp must be reignited on each 
succeeding half cycle. The type of bal- 
last has an important influence upon the 
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wave shape, as is illustrated by the oscillo- 
grams of Figure 7. In both oscillograms 
the rms values of line voltage and lamp 
current were set at 210 volts and 0.42 
ampere respectively. For the inductively 
ballasted lamp shown in Figure 7A, it is 
seen that at the instant of current zero 
the line voltage has a value of approxi- 
mately 250 volts, while the lamp requires 


“only 150 volts for reignition. The differ- 


ence between these two is absorbed by the 
reactor. For the resistively ballasted 
lamp of Figure 7B the lamp current is in- 
phase with the voltage, and consequently 
zero voltage is available for reigniting the 
arc at the instant of current zero. The 
current therefore remains at a low value 
for a period of approximately 20 degrees 
before reignition takes place. Due to this 
long wait, deionization of the positive 
column has begun to take place, so that 
175 volts are required to reignite the arc. 

A similar lag in reignition may occur on 
inductive ballast, if the line voltage is not 
sufficiently greater than the lamp voltage. 
The type of current wave shape shown in 
Figure 7B is not so desirable as that of 
Figure 7A, because of increased flicker, or 
stroboscopic effect, due to the extended 
period of zero current. 
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| Regulated Rectifiers in Telephone Offices 
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D. E. TRUCKSESS 


OR many years rectifiers of the garage 
_ type were used in converting alternat- 


_ ing current to direct current for charging 


batteries used for communication pur- 
poses. These batteries furnish power for 
relay operation, for talking, and filament 
and plate supplies for repeaters. The 


_ rectifiers were of the manual-control type 


where the operator selected the charging 
current by means of tap switches or rheo- 
stats. 

With the development of the thyratron 
type of tube, a rectifying means was made 
available in which the grid of the rectifier 


- tube could be used to control its own out- 


put current by an electronic circuit. Rec- 
tifier circuits were designed to maintain a 
constant output voltage. If a regulated 
rectifier is connected to a battery and the 
constant rectifier voltage is 2.15 volts per 
cell, the load current will automatically 
come from the rectifier and not from the 
battery. Also the battery will draw from 
the rectifier sufficient additional current 


Magnitude control circuit 


Figure 1. 


to maintain its charge. If the circuit 
voltage is held within limits of less than 
plus or minus one per cent, the mainte- 
nance of the battery is reduced and its life 
is extended. 

The thyratron tube differs from the 
vacuum tube in that the grid does not 
have a continuous control of the plate 
current.1 When a positive potential is 
applied to the plate, current does not flow 
until the magnitude of the negative grid 
voltage is reduced to the critical value, 
at which time the plate current flows, and 
the magnitude of the plate current de- 
pends upon the voltages and impedances 
in the circuit. The grid has no further 
control, and plate current flows until it 
is stopped by reducing the plate voltage 
to zero. 

Thyratron tubes use various gases and 
mixtures of gases. The earliest type used 
mercury vapor, but this type of tube is 
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quite sensitive to temperature changes. 
The grid characteristics are shifted ma- 
terially by changes in the room tempera- 
ture in which it is operated, and in low 
temperatures it is almost a vacuum tube. 
Thyratron tubes using argon gas are not 
affected by temperature changes, but 
high-pressure argon tubes have a low 
inverse voltage which limits their appli- 
cation to low-voltage. rectifiers. Tubes 
using low-pressure argon have a higher 
inverse voltage, but are accompanied by a 
high are drop which makes their efficiency 
low. A mixture? of mercury vapor and 
argon has been found which provides the 
temperature-stable grid characteristic of 
the argon tube and the low arc drop of the 
mercury-vapor tube. This type of tube 
has been very successful with certain 
regulating circuits, particularly at volt- 
ages less than 60 volts. 


=o — Fo 
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Five kinds of regulating circuits are 
used in telephone offices to hold the out- 
put voltage of rectifiers constant. The 
selection of the circuit to be used depends 
upon the magnitude of the current, d-c 
voltage, and type of rectifying means to 
be used. Two forms of regulating circuits 
using thyratron tubes and one using two- 
element high-pressure tubes were devel- 
oped. A fourth circuit using all vacuum 
tubes was adapted for telephone use. 
The fifth kind uses a negative resistance. 


Magnitude Control 


The automatic regulating circuit using 
the temperature-stable tubes has been 
called the magnitude method? of control, 
since the voltage applied to the grid is a 
d-c voltage, and its magnitude is varied 
to control the plate current of the tube. 
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Figure 1 shows a schematic circuit and 
diagrams of the voltages applied to the 
rectifier tube. The rectifier circuit is the 
conventional full-wave circuit with a filter 
coil in the negative output lead. A nega- 
tive voltage, with respect to the tube cath- 
odes, is taken off a potentiometer con- 
nected across the battery to be floated. 
This negative voltage is opposed by a 
slightly smaller positive voltage of a grid 
battery. The net negative voltage of a 
few volts is applied to the grids of the 
tubes through grid resistances. The top 
diagram in Figure 1 shows the positive 
half of the a-c voltage applied to the tube. 
The dotted line represents the critical 
grid voltage of the tube, Jp the plate cur- 
rent that flows, and Eg the d-c grid volt- 
age applied to the grids. If the applied 
grid voltage is more negative than the 
critical value, the tube does not fire and 
no plate current flows. If the magnitude 
of the grid voltage is decreased until it 
reaches the critical value, the tube fires 
and the rectifier delivers output. A fur- 
ther decrease in the grid voltage will re- 
sult in the critical value being equaled 
earlier in the cycle, and the average value 
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Figure 2. Phase-shift control circuit 

of the plate current willincrease. Finally, 
with the grid voltage zero, the tube fires 
at the beginn'ng of the cycle and the 
maximum average value of current is ob- 
tained. 

If this circuit is operating without a 
filter coil, the current could be reduced 
by the variable grid voltage to only one 
half its maximum value, and then it would 
drop to zero due to its having control 
only during the first 90 electrical degrees. 
A smooth control from full load to light 
load can be secured by using a filter coil 
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that has a high inductance with small 
currents, so that even though the tube 
fires near 90 degrees the current that flows 
is limited by the reactance of the coil. 
At full load its inductance is reduced by 
saturation of the iron to the value re- 
quired for filtering. With conventional 
coil design where the no-load inductance 
can be made approximately five times the 
full-load inductance, the rectifier output 
current can be reduced by grid control 
to five per cent of the full-load value. 
When a telephone office load is applied to 
the battery, its external voltage decreases 
a fraction of a volt. This change is re- 
flected over the potentiometer and grid 
battery to the grids to reduce the grid bias 
and increase the plate current of the tubes 
sufficiently to carry the office load. 

With this circuit the battery voltage 
is held to a change of about one volt from 
no load to full load. This change in bat- 
tery voltage is approximately the same for 
all values of battery voltage, as the grid 
must be varied about the same amount. 
Thus a better per cent regulation is ob- 
tained at the higher battery voltages. 
The regulating circuit will compensate 
for slight changes in the grid character- 
istics of the tubes. However, the large 
changes encountered in the case of mer- 
cury tubes make them unfit for this type 
of circuit. The mixture of mercury and 
argon has been found quite satisfactory 
when used in rectifiers covering a range 
of 24 to 60 volts. These tubes, however, 
have a low inverse-voltage rating and 
cannot be used in charging the higher- 
voltage storage batteries. The mercury 
tube has the necessary high inverse-volt- 
age rating, so that a circuit was developed 
which has been called the phase-shift 
type of control; this enables the mercury 
tubes to be used, in spite of their changes 
of grid characteristic with temperature. 


Phase-Shift Control 


Figure 2 shows a schematic diagram of 
the phase-shift type’ of control circuit. 
This circuit differs primarily from the 
magnitude circuit in that the grid volt- 
age is an a-c voltage of a fixed magnitude, 
but its phase relation with respect to the 
a-c plate voltage is varied to control the 
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Figure 4. Voltage control 
for booster circuit 


output of the rectifier. When the grid 
voltage is out of phase with the plate 
voltage, the grid is negative all during the 
cycle that the plate is positive, so that the 
tube does not fire. As the grid voltage is 
shifted in a direction to be inphase with 
the plate voltage, the instantaneous grid 
voltage reaches a magnitude which is less 
negative than the critical value so that 
the tube will fire and deliver current for 
the remainder of that cycle. When the 
grid voltage is shifted to be practically in- 
phase with the plate voltage, the tube 
fires at the beginning of the cycle and car- 
ries current during the remainder of that 
cycle. In this way the output current 
of the rectifier is controlled by shifting 
the phase from the out-of-phase to the 
inphase condition. 

The grid voltage of varying phase is ob- 
tained from the phase-shift circuit which 
consists of a bridge circuit with two wind- 
ings of the transformer furnishing two 
arms of the bridge, a capacitor the third, 
and the plate-cathode resistance of a 
vacuum tube the fourth. A transformer 
is connected across the galvanometer cor- 
ners of the bridge which supplies the volt- 
age to the grids of the thyratron tubes. 
When the plate-cathode resistance of the 
vacuum tube is at its minimum value, 
the grid voltage is nearly inphase with 
the plate voltage, the output current to 
the rectifier being maximum. When the 
vacuum tube is biased out (providing an 
infinite resistance) the grid voltage is 
practically out of phase with the plate 
voltage. 

The plate-cathode resistance of the 
vacuum tube is controlled by the d-c bias 
applied to the tube. This varying grid 
bias of 2 to 20 volts is obtained from a 
vacuum-tube d-c amplifier circuit. When 
a telephone-office load is applied to the 
storage battery it decreases the battery 
voltage a fraction of a volt. This small 
voltage is amplified by the d-c vacuum- 
tube amplifier and applied to the phase- 
shift vacuum tube in a direction to shift 
the grid voltage more nearly into phase 
and thus increase the output of the recti- 
fier. In this way the storage-battery 
voltage is held to the regulated value. 
The accuracy of regulation depends on the 
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amount of gain in the d-c amplifier cir- 
cuit. This circuit has been built to pro- — 
vide regulation in the order of a few 
hundredths of a volt, but in most applica- 
tions one per cent regulation is all that is 
required. The filter coil is not essential 
for the operation of this circuit, but a 
swinging choke whose inductance changes 
four to one will assist in regulation. 

Ina thyratron with an oxide-coated fila- 
ment, operating filament temperature — 
must be reached before output current 
can be drawn from the rectifier. An in- 
expensive way to prevent output current 
is to apply a large negative grid bias to 
the tubes, which biases them out even 
though the a-c voltage is applied to the 
plates. With the magnitude method, the 
grid circuit can be switched to the bat- 
tery voltage and in the phase-shift circuit 
it is only necessary to open the resistance 
arm of the phase-shifting circuit. This 
switching can be done with a small tele- 
phone-type relay on all sizes of rectifiers. 
The time delay is provided by a conven- 
tional bimetallic-strip type of relay oper- 
ating the telephone relay. 

The cost of the thyratron tube, in sizes 
above ten amperes per tube, is large in 
comparison with the cost of the complete 
rectifier. | High-gas-pressure rectifying 
tubes can be operated with the tube ele- 
ments at high temperatures if the grid is 
omitted. This permits a two-element 
tube to be built at about one fifth the cost 
of the thyratron, thus making it practical 
to build low-voltage rectifiers in sizes of 
30 to 100 amperes. 


Booster Control 


In order to regulate the output of a rec-~ 
tifier using two-element tubes, a circuit 
has been developed which has been called 
the booster type of control. Figure 3. 
shows a schematic diagram of this type 
of circuit. The output current of the 
tubes is controlled by changing the plate 
voltage applied to the tubes. The plate. 
voltage is varied by means of a circuit 
consisting of a continuously tapped auto- 
transformer which changes the voltage. 
applied to the primary of a booster trans- 
former. When the continuously tapped 


ELECTRICAL ENGINEERING. 


BATTERY 


autotransformer is at its zero end, no volt- 
age is applied to the booster transformer 
pand the ratio of the plate transformer is 
selected so that the rectifier delivers mini- 
“mum current. The output current of the 
rectifier is increased by driving the con- 
tinuously tapped autotransformer to its 
_ maximum boost position which raises the 
_ plate voltage until the rectifier delivers its 
maximum output current. The continu- 
ously tapped autotransformer is con- 
trolled by means of a small reversible 
motor so that closing the circuit of the 

“raise’’ lead will increase the rectifier 
_ output current and closing the circuit of 

the “‘lower’’ lead will drive the motor in 
_ the direction to decrease the rectifier out- 
put current. The disadvantage of this 
circuit is that a second transformer 40 
per cent as big as the plate transformer is 
required in addition to the autotrans- 
former. The advantage is that all of the 
equipment in this circuit operates at a 
high efficiency, and with the boost type 
of connection the no-load loss is small. 
Even the core loss of T; is reduced, since 
it operates at a lowered voltage at light 
loads. Light-load efficiency is important 
in telephone applications, as the rectifier 
must operate many hours at night with 
practically no load. The input power 
factor is the same as that of the unregu- 
lated tube-rectifier circuit and is not re- 
duced materially by the control circuit. 

Various combinations of this rectifier 
circuit are possible in that the plate volt- 
age, in small sizes of rectifiers, may be con- 
nected directly to the continuously tapped 
autotransformer or the auxiliary trans- 
former may be connected to buck the line 
voltage. This circuit can be applied to 
more than one phase with the appropriate 
tapped autotransformers, booster trans- 
formers, and plate transformer to control 
each phase. 

A voltage controller to operate with the 
booster type of regulating circuit is shown 
in Figure 4. This circuit is to translate 
variations in the magnitude of the d-c 
voltage to be regulated into a raise and 
lower signal to the reversible motor in the 
rectifier. The circuit consists of a d-c 
amplifier to increase the small changes in 
the load voltage from a fraction of a volt 


to several volts. This amplified voltage is 
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Figure 5 (left). + 
Series-tube control 
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Series-tube control 
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applied to the grid of a vacuum tube which 
constitutes one arm of a resistance bridge 
circuit. Across the galvanometer corners 
of the bridge are connected two polarized 
relays in series with a nonpolarized relay. 
When the load voltage is at the correct 
value, the bridge is balanced and no 
voltage appears across the galvanometer 
corners of the bridge, so that all relays are 
released. The change in the load voltage 
will be reflected through the amplifier and 
bridge circuit in a direction to unbalance 
the bridge and cause either the R or L 
relay to operate, depending on which way 
the voltage changed, which in turn oper- 
ates the motor in the rectifier circuit. 
Plate supply for the bridge tube V; is ob- 
tained from the d-c voltage being regu- 
lated, but a separate source of direct cur- 
rent is required for the plate of the ampli- 
fier tube V2. This may be a battery or a 
small half-wave disk rectifier with a filter 
capacitor to provide 50 volts, one milliam- 
pere for the plate of V2. The standard 
voltage can be either a grid battery or the 
negative resistance regulating circuit de- 
scribed below. The nonpolarized relay 
A operates on twice the current of the R 
and L relays, and is connected in series 
with them to give an indication when the 
regulated voltage is approximately twice 
the variation that causes the R and Lrelays 
tooperate. In this way, an alarm may be 
provided to indicate when the regulated 
voltage goes out of the regulating range. 
The accuracy of this control is entirely 
a function of the amount of d-c amplifi- 
cation provided by tube V2. A single-tube 
amplifier operating with a load voltage of 
24 or 48 volts will provide regulation in 
the order of 0.1 to 0.2 volt. An ordinary 
voltage relay may be used instead of this 
circuit, but its accuracy is limited by the 
difficulty of adjusting the span between 
the high and low contact of the relay to 
less than one volt. An additional advan- 
tage of this circuit over the voltage relay 
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Figure 7. Shunt thermistor circuit 
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is that the span between the “lower’’ and 
“raise” signal is a va'ue fixed by the de- 
sign of the circuit, but the average value 
of the regulated voltage may be shifted 
simply by adjusting the rheostat R. : 


Series Tube Control 


Where a small amount of closely regu- 
lated power is required, the series vac- 
uum-tube type of regulated rectifier is 
used.6 The conventional full-wave vac- 
uum-tube rectifier and filter is used to 
provide about 100 volts more than the 
regulated value. A vacuum tube is con- 
nected in series with the output and its 
plate-cathode resistance acts as a drop- 
ping resistance. The amount of resist- 
ance it introduces into the circuit depends 
upon the magnitude of the grid voltage. 
To reduce the rectifier d-c voltage auto- 
matically to the regulated value the cir- 
cuit shown in Figure 5 is used. The out- 
put voltage is applied by means of the 
voltage drop over the potentiometer R, 
which is opposed to a constant-voltage 
source such as a grid battery to the grid 
of Vo. If the grid-battery voltage is of 
the same magnitude as the load voltage, 
the maximum accuracy of regulation is 
obtained. However, with a screen grid 
or pentode tube sufficient amplification is 
obtained with lower-voltage grid batter- 
ies. By adding the Rs resistance which is 
in series with the load current, its voltage 
drop is applied to the grid of V2 to com- 
pensate for load changes. 

With a circuit of this type, plus or 
minus ten per cent variations of d-c supply 
can be reduced to the order of 0.05 volt 
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Figure 8. Fundamental inverter circuit 
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with constant load and to about 0.1 volt 
with variations in load. Better regula- 
tion than this can be obtained by carefully 
selecting the constants of the circuit or by 
adding a second stage to the d-c ampli- 
fier. However, with regulation of less 
than 0.05 volt, the contact potential in 
the grids of the d-c amplifier tube be- 
comes a factor which causes random varia- 
tions due to temperature changes in the 
cathode, produced mainly by variations 
in the heater voltage. 

The circuit shown in Figure 6 is a varia- 
tion of that shown in Figure 5 in that 
the voltage drop over a cold-cathode gas- 


at TR 


filled tube is used as the standard for 
voltage regulation where accuracy of 
plus or minus one per cent to plus or minus 
three per cent is permissible. The arc 
drop of the tube V3 is connected in the 
cathode circuit of the d-c amplifier cir- 
cuit, and its grid voltage is picked off 
the potentiometer circuit, consisting of 
resistances R:, R, and R;, at a point which 
makes the grid of V2 slightly negative with 
respect to its cathode. A variation in the 
load voltage in this way varies the grid of 
the amplifier tube V2 whose amplified out- 
put appears as a voltage drop across R,, to 
control the grid of the series tube V;. It 
is desirable to add the R, resistance so 
that the V; tube can be operated at its 
most efficient current value, and the value 
of the , resistance should be quite large 
so that the cathode current is small in 
proportion to the tube current in V3. 

In both of the circuits shown in Figures 
5 and 6, feed-back filtering is obtained be- 
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cause the regulating circuit compensates 
for variations in voltage due to the ripple 
on the d-c supply in the same manner 
that it compensates for variations due to 
load. If the grid is not connected di- 
rectly to the positive side of the load, the 
capacitor C should be added to conduct 
the ripple directly to the grid. Otherwise, 


a loss in ripple voltage would be obtained 


in proportion to the potentiometer ratio. 

In this type of circuit the amplifier 
tube V2 is usually of the heater type so 
that during starting, or in the event of a 
failure of the V2 tube, the output voltage 
is unregulated and reaches a value ap- 


Figure 9. Combined 
rectifier—inverter cir- 
cuit 


proaching that of the d-c supply, except 
for the zero grid drop of the series tube 
Vi. This may be reduced by connecting a 
cold-cathode tube from the plate of V, 
to the potentiometer circuit at a voltage 
point with respect to the positive output 
terminal, which is slightly less than the 
breakdown voltage of the tube. Then 
with the circuit in normal condition, the 
tube will not pick up and will be an open 
circuit. If, however, the output voltage 
increases above the regulated value, the 
tube picks up and draws a current 
through the R, resistor which biases the 
series tube negative, reducing the output 
voltage. As soon as the V2 tube is operat- 
ing normally, the voltage of its plate ter- 
minal is drawn toward the negative end 
of the d-c output sufficiently to cause the 
cold-cathode tube to drop out. In this 
way, the load may be protected from an 
excessive voltage while starting or when 
trouble occurs in the amplifier tube. 
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In regulated rectifiers where the use of 

a cold-cathode tube as a voltage standard 
does not provide sufficiently accurate 
regulation, a miniature regulated recti- 
fier is used in place of the grid battery, 
where its higher cost is justified. The 
regulating part of the circuit is shown in 
Figure 7. The negative resistance is a 
“thermistor”? made of a semiconductor. 
The value of R2is selected so that a change 
in d-c supply voltage causes a positive . 
voltage drop in Rp equal to the negative 
voltage drop in the thermistor with the 
net result that the voltage across the load 
is approximately constant. A resistance 
R, must be connected in series with the 
d-c supply to take up the variations in 
d-c supply voltage. This circuit, in gen- 
eral, is adaptable to voltages less than 100 
volts and currents of a few milliamperes. 
Since most thermistors are sluggish in op- 
eration, a large capacitor C is connected 
across the circuit to smooth out rapid 
variations in d-c supply. The circuit is 
compensated for ambient temperature 
variations, as the resistance of thermistors 
is affected by temperature. This circuit 
has been used as a grid supply for am- 
plifiers. 


Rectifier—Inverter 


With the increase in use of a-c voltages 
for filament and plate supply for repeat- 
ers, it became necessary to provide some 
means of providing power to operate these 
circuits when the commercial power sup- 
ply had failed.6 The electronic inverter 
using thyratron tubes provides a means to 
take energy from a storage battery and 
convert it into 60-cycle alternating cur- 
rent to keep the circuits functioning until 
the commercial power is restored. The 
elements of an electronic inverter are es- 
sentially the same as a rectifier, so that 
with the addition of a pilot source of 60 
cycles and suitable switching means, one 
unit can serve as a regulated rectifier to 
float the storage battery normally, and 
during the time that the power has failed 
the circuit can take power from the bat- 
tery and deliver 60-cycle power for use in 
the telephone office. ; 

Figure 8 shows a schematic diagram of 
the fundamental inverter circuit. The 
battery is applied to the center tap of the 
plate transformer, and the grids of the. 
tubes are held negative with a d-c bias 
sufficient to prevent their carrying cur- 
rent with the positive voltage applied to 
the plates by the battery. A 60-cycle ex- 
citation voltage is applied to the grid 
through the grid transformer. This ex- 
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n voltage has a greater magnitude 
than the negative d-c bias. When the ex- 
citation voltage drives the tube grid 
toward zero until it reaches a value less 
_ than the critical grid voltage, the tube 
fires, passing current through one half of 
the plate transformer. When the other 
_ tube grid is fired in the same way it passes 
current in the opposite direction through 
the other half of the plate transformer. 
_ The charge on the capacitor which has 
accumulated while one tube is firing is 
connected across the opposite tube by vir- 
tue of the firing, which drives the plate 


4 negative to interrupt the plate current.’ 


_ The a-c excitation voltage is supplied by a 
_ mechanical vibrator of the type that is 
_ used in automobile radios or by a vacuum- 
_ tube oscillator. 

: A particularly useful type of power 
supply has been built which functions 
normally as a regulated rectifier, taking 
power from the a-c commercial supply 
and floating the telephone-office battery. 
The instant that the power fails, relays 
convert the circuit from rectifier to in- 
verter operation, and energy is taken out 
of the storage battery and supplied to the 
telephone circuits in the form of 60-cycle 
alternating current. 

The control circuit for the combined 
rectifier and inverter is shown in Figure 
9. A master control circuit is provided 
to measure the a-c supply voltage con- 
tinually so that when its magnitude re- 
duces to less than 85 per cent of its rated 
value the GR and TR relays are operated. 
The 7R relay disconnects the rectifier 
and load from the a-c supply circuit and 
also reverses the polarity of the d-c sup- 
ply to the plate transformer. The GR re- 
lay starts the 60-cycle exciter and switches 
the grid circuit from the regulated recti- 
fier circuit to the fixed negative bias. 
The circuit then draws power from the 
d-c supply and generates a 60-cycle volt- 
age which supplies the load and also 
supplies its own filament voltage through 
transformer 7T>. When the commercial 
a-c voltage is restored, the master con- 
trol circuit releases the GR and TR relays 
to restore the equipment to the rectifier 
operation. 

The control of the rectifier output cur- 
rent is by the magnitude method, which 
has been described. The regulating cir- 
cuit consists of the potentiometer R, grid 
battery, capacitor D and “‘varistor’” H. 
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Table I. Regulated Rectifiers Used in Tele- 
phone Offices 
ee 
Rectifier Output 


Type of Rectifying 
Volts Amperes Regulation Means 
aS SS SS eee eee 
48 .. 0.001, .Shunt thermistor, , Disk type 
20... 0.006. .Shunt thermistor, , Disk type 
85 .. 0.23 Series vacuum. , Vacuum tube 
tube 
120-130.. 0.10 ..Series vacuum.. Vacuum tube 
tube 
95-180.. 0.10 ..Series vacuum. . Vacuum tube 
tube 
150-180.. 0.15 ..Series vacuum, , Vacuum tube 
tube 
17-45 .. 0.60 ..Magnitude .. Thyratron 
48-74 .. 0.6 .. Magnitude .. Thyratron 
120-130.. 0.6 .. Magnitude .. Thyratron 
34-48 .. 3 ..Magnitude .. Thryatron 
24-34 ..10 ..Magnitude .. Thyratron 
24 =. 30 . . Booster ..2-element 
tube 
remy |e ..Magnitude .. Thryatron 
48 ..30 . .Booster ..2element 
tube 
ISD. ke . . Phase shift .. Thyratron 
230 5. 8 .. Phase shift .. Thyratron 
L8G U3. 3 . .Magnitude ..Thyratron 
440." 16 ..Phase shift .. Thyratron 


Application of load to the battery reduces 
its voltage, and this change in voltage is 
reflected to the grids of the thyratron 
tubes to reduce their negative bias, which 
increases the charging current of the rec- 
tifier to bring the voltage back to the 
regulated value. The varistor H and 
capacitor D provide a voltage which var- 
ies directly in proportion to the a-c line 
voltage. This change is introduced into 
the grid circuit to compensate for line 
voltage changes. 

In order to use the same ratio in the 
plate transformer for both rectifier and 
inverter operation, it was necessary to 
have different methods of adjusting the 
output voltage of the rectifier and the in- 
verter. The output voltage of the recti- 
fier is adjusted by means of taps on the 
primary of the plate transformer 7) for 
charging different numbers of cells in the 
storage battery. This tap is selected at 
the time of installation. The output volt- 
age of the inverter is adjusted for various 
a-c loads by means of the commutating 
capacitor C;. The above rectifier then 
can be adjusted for charging a 132- or 
142-volt battery and to provide any a-c 
output voltage between 210 and 250 volts 
with current loads of 2 to 5 amperes. 

The time required to convert this cir- 
cuit from a rectifier to an inverter is 
limited primarily by the operating time 
of the relays. The master control circuit 
requires about one cycle to detect a low 
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voltage, and the power relays require 
about two cycles to make the transfer. 
Therefore the minimum practical time of 
transfer is such that approximately three 
cycles is lost between the time the com-— 
mercial power fails and alternating cur- 
rent is available from the inverter to carry 
the load. The transfer back to the com- 
mercial power supply will be less because 
the master control circuit has time to 
function while the load is carried by the 
inverter, and the release time of the relays 
is smaller than the operate time. The 
practical loss in load voltage is approxi- 
mately two cycles. 


Rectifier Sizes 


Table I shows the voltage and current 
output, type of control of the rectifiers, 
and the rectifying means that have found 
widespread use in the Bell System. 

The regulated rectifier finds its appli- 
cations in telephone offices where con- 
stant voltage, independent of load and 
a-c line-voltage variations, is required to 
supply filament grid bias and plate volt- 
age to telephone repeaters. Certain meas- 
uring circuits require a regulated rectifier 
to supply a stabilized voltage. Regu- 
lated rectifiers also find applications where 
constant voltage is of secondary impor- 
tance but an automatic power plant is de- 
sired for maintaining storage batteries in 
a fully charged condition to be ready to 
supply the power for telephone offices if 
the a-c power fails. A further compensa- 
tion of regulating the voltage is the in- 
crease in life obtained from storage batter- 
ies if they are not continually being 
charged and discharged but are fully 
floated. 
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The Dielectric Strength and Life of 


Impregnated-Paper Insulation — HH 


J. B. WHITEHEAD 


FELLOW AIEE 


MPREGNATED-paper insulation, as 
used in high-voltage power cables, is 
subject, during the ordinary processes of 
manufacture, transportation, installation, 
and operation, to a wide variety of condi- 
tions, nearly all of which militate against 
the conservation of the original inherent 
properties of the insulation. Among these 
conditions are bending and other mechani- 
cal stresses, expansion and contraction due 
to temperature changes, original vari- 
ations in manufacturing processes of dry- 
ing and evacuation, and so forth. Asa 
consequence, the electrical characteristics 
of the insulation of high-voltage cables, as 
for example power factor, dielectric loss, 
dielectric strength, and stability, all fall 
noticeably below those of samples pre- 
pared in the laboratory and generally are 
not subject to all the disturbing condi- 
tions mentioned above. 

The uncertainties arising in the pres- 
ence of these disturbing conditions and 
the inability to determine their relative 
importance has meant that most of the 
improvement in the quality of cables in 
recent years has resulted from empirical 
development and experiments on the 
finished cable. Cable engineers have 
been slow to adopt the results of labora- 
tory research on controlled specimens, 
except perhaps in the clear-cut results of 
studies of such fundamental matters as 
drying and evacuation as related to the 
impregnation process, the purification of 
oil and paper, and the like. They have 
feared the effect of a change in a known 
variable on those which are still unknown. 

The experimental studies described in 
this series of papers fall definitely in the 
controlled laboratory class. Effort has 
been made to eliminate the influence of 
all those disturbing elements in cable in- 
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sulation except a particular variable un- 
der study. For example, the specimens 
tested are assembled and impregnated, 
cable fashion on rigid smooth conductors; 
they suffer no mechanical deformation, 
they are tested at one temperature, and 
in particular, they contain no free gas. 
On the other hand, the type of specimen 
and mode of testing permit the study of 
many variables in paper, oil, and mode of 
assembly of the usual type of cable insu- 
lation. 

It will be evident that great care and 
perhaps reserve should be exercised in 
applying the results of these studies to 
the design and construction of finished 
cables. From what has been said, for 
example, there is an important condition 
obtaining in the usual solid type of cable, 
namely, free gas and gaseous ionization, 
which has been carefully eliminated in the 
present tests. It is most important, 
therefore, in such cables to consider the 
possible influence of the variations shown 
in these experiments in a number of other 
variables, on the volume and extent of 
gaseous ionization. On the other hand, 
it appears that many of the results of the 
present studies should be immediately 
applicable to the so-called oil-filled type 
of cable in that both in finished cable and 
laboratory specimens the conditions are 
closely the same. Even in this case, how- 
ever, it is necessary to bear in mind the 
difference between a relatively short-life 
test in the laboratory and the long-time 
performance of finished cable. 

Cable engineers are nevertheless deeply 
interested in these research programs and 
the results therefrom. They have shown 
this interest by suggestion, discussion, 
and other cordial support and co-opera- 
tion. The researches have been sup- 
ported by grants from The Engineering 
Foundation with the sponsorship of the 
American Institute of Electrical Engi- 
neers and have enjoyed the hearty co- 
operation of an advisory committee of 
manufacturers’ and utilities’ engineers as 
appointed by the latter body. 


Scope of the Work 


The first paper of this series is devoted 
to a study of the influence of the density 
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of the paper on dielectric strength and 
life, the outstanding result being a notice- 
able decrease of dielectric strength with 
increasing value of paper density. The 
second paper reports studies of the in- 
fluence of the thickness of paper on di- 
electric strength. The earlier studies on 
density occasioned some surprise and 
were contrary to the expectations of a 
number of cable engineers. Conse- 
quently the present paper describes pri- 
marily further experiments on the in- 
fluence of the density of the paper, par- . 
ticularly in the use of a different oil, and 
also studies on the influence of oil vis- 
cosity, all directed to a possible explana- 
tion of the unexpected results on paper 
density. In addition, results of a study 
of the influence of the width of oil chan- 
nels between convolutions of paper tape 
on dielectric strength are described. In 
all these experiments a very sensitive and 
rapid method of circuit interruption has 
been used, resulting in the great majority 
of cases in partial failures without burn- 
ing. Followed by careful examination, 
dissection, oil extraction, and magenta 
staining, this has resulted in a very inti- 
mate picture as to the probable causes of 
failure in each case. 


The Test Specimens, the Paper, and 
the Oils 


THE TEST SPECIMENS 


The specimens were wrapped on brass 
tubes 48 inches long and one inch in 
diameter. The central or measuring elec- 
trode was of lead foil 16.5 inches long. 
At each end it was overlapped by a lead 
foil guard electrode 9.5 inches long, sepa- 
rated therefrom by one layer of paper. 
Beyond the guards the specimen was 
equipped with narrow angle conical ends 
of impregnated paper designed for uni- 
form stress distribution, 


THE PAPER 


The cellulose wood-pulp paper was 
supplied by a well-known manufacturer 
in four values of specific gravity 0.703, 
0.896, 1.136, 1.144, all of approximately 
0.005 inch in thickness, and here desig- 
nated as papers A, B, C, and D in the or- 
der of increasing density. The paper 
tapes were in all cases one inch wide. 

Certain observations were also made on 
a fifth grade of paper (Z), of 0.004 inch 
in thickness remaining from foregoing 
studies and manufactured five years 
earlier. 

The test specimens were made by 
wrapping the paper tapes on one-inch- 
diameter smooth brass tubes, normally 
with 331/; per cent and 662/3 per cent 


ELECTRICAL ENGINEERING 


lay with a a butt: spacing of tapes of 
bet veen 1/e4 inch and 4/s, inch, The nor- 
mal thickness of the insulation wall was 
0 .080 inch, that is, 16 layers of 0.005 inch 
paper. Studies of different channel 
widths up to !/s inch were made with 
0.005 inch B paper. 

Nine identical specimens were con- 
structed for each value of density, thick- 
ness of paper, for each value of channel 
width, or other variable studied. In a 
few cases the number of identical speci- 
mens tested was reduced to six. 

For details as to the construction of the 
specimen, methods of test, experimental 
data, accuracy, and so forth, the earlier 
papers may be consulted.! 


THE OILS 


Two high-grade insulating oils having 
commercial numbers 5,314 and 5,317 
were each tested over the entire range of 
paper variables as described above. 
Number 5,314 is a thin oil as used in oil- 
filled cables. Its values of viscosity at 

40 degrees, 60 degrees, and 100 degrees 
_ centigrade are 17, 8.2 and 3 centipoises re- 
spectively. Oil 5,317 is a heavier oil some- 
what darker in color and prepared for use 
in solid-typecables. Its values of viscosity 
at 40 degrees, 60 degrees, and 100 degrees 
are 480, 120, 18.3 centipoises respectively. 

The specimens were impregnated in 

groups of three, normally at 60 degrees 
centigrade. In certain studies of the in- 
fluence of viscosity on impregnation, the 

_ impregnating temperature of 5,314 was 
reduced to 40 degrees and that of 5,317 
raised to 100 degrees, these temperatures 
giving the same value of viscosity for the 
two oils. 


Breakdown and Stability Tests 


The accelerated step-up life tests 
started at 400 volts per mil. The voltage 
was increased by 3.12 per cent every four 
hours, thus giving a geometric increase 
to 700 volts per mil in three days. The 
continuous application of voltage was 
interrupted at intervals (usually every 
four hours) for tests of power factor, ca- 
pacitance, and internal gaseous ioniza- 
tion.? In this program the average life of 
a specimen was from two to five days. 
It has been assumed that this brief dura- 
tion eliminates the influence of chemical 
change. Long experience has shown that 
there is no free gas in these specimens. 
Consequently the results appear to iso- 
late definitely the influence of each of the 
several variables studied, that is, paper 
density, paper thickness, oil viscosity, and 
so forth. The design of the specimen and 
close attention to uniformity of construc- 
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tion have ensured that the failures have 
occurred almost invariably under the 
central electrode of the specimen. 


Results of Tests 


DENSITY OF PAPER 


The results of the tests on four values of 
paper density using 5,314 oil have been 
published in an earlier paper.’ For con- 
venience some of them are reproduced in 
Figures 1 and 2. In the same figures will 
be found the results of later studies on the 
same papers as impregnated with 5,317 
oil, and under the same conditions as to 
impregnation, test program, degree of 
accuracy, and so forth, 
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Figure 1. Stability of oil-impregnated-paper 

insulation—life and breakdown stress 


Impregnation at a pressure of 2.0 millimeters of 
mercury 

A—40 degrees centigrade 

x—100 degrees centigrade 

All others—60 degrees centigrade 


Two noteworthy features are indicated: 


1. The decrease of dielectric strength and 
life with increasing paper density, already 
reported for 5,314 oil, is also found to ob- 
tain with close parallelism for 5,317 oil. 


2. Values of dielectric strength and of life 
using 5,317 are uniformly lower than those 
for 5,314. 


The impregnating oil content is some- 
what higher for 5,314, particularly at the 
low values of paper density. The power 
factor for 5,314 is also higher. The trend 
of these curves has been discussed in 
the earlier papers. 


PAPER THICKNESS 


The studies of the influence of paper 
thickness with 5,314 oil only have been 
reported in an earlier paper.* Figure 3 
is reproduced therefrom. It will be noted 
that there is a pronounced and uniform 
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decrease of breakdown strength with in- 
creasing thickness of paper (21!/» per cent 
decrease from 0.003 inch to 0.008 inch 
thickness). 


SATURATION STUDIES 


For each group of tests the percentage 
of oil content by volume was determined 
for one or more specimens. Thus in 
Figure 2 the decrease of percentage of oil 
with increasing paper density is readily 
noted, It is also noticed that specimens 
impregnated with 5,314 oil contain a 
higher percentage of oil, other things be- 
ing equal, and that this is accompanied 
by higher dielectric strength. The same 
parallelism has been observed in other 
tests. In order to determine whether 
viscosity of the oil had any bearing on 
these differences, six specimens of B paper 
were impregnated with 5,314 oil at 40 de- 
grees, and six others with 5,317 oil at 100 
degrees, the viscosities of the two oils 
having the same value at these tempera- 
tures. All twelve specimens were sub- 
jected to life test at 40 degrees centigrade, 
in accordance with the standard program. 

Results of these comparative studies 
are indicated as single points giving the 
average values in Figures 1 and 2. The 
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Figure 2. Stability of oil-impregnated-paper 
insulation—power factor and oil content 


Impregnation at a pressure of 2.0 millimeters of 
mercury 

A—40 degrees centigrade 

x—100 degrees centigrade 

All others—60 degrees centigrade 


order of accuracy is about the same as 
that in the paper-density studies (plus or 
minus deviation five to ten per cent). 

will be noticed that the change of viscos- 
ity of 5,317 oil results in no appreciable 
change in either dielectric strength or life, 
notwithstanding a rather wide variation 
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in the value of viscosity (480-120 centi- 
poises). On the other hand, impregnation 
with 5,314 oil with a considerably smaller 
variation of viscosity results in a slight 
lowering of both dielectric strength and 
life, although the values are still substan- 
tially higher than those for 5,317. 

As to oil content, in the case of number 
5,317, large decrease in viscosity between 
60 degrees and 100 degrees results in the 
small increase of oil content of from 33 per 
cent to 37 percent. In the case of 5,314 
oil the increase of viscosity between 60 
degrees and 40 degrees in these compara- 
tive studies results in a reduction from 40 
percent to 34 per cent. When the vis- 
cosities are the same, the oil content and 
power factor are about the same. 


WIDTH OF CHANNEL ’ 


The influence of the width of channel 
on breakdown strength and accelerated 
life was studied between the limits of a 
close butt joint and a maximum channel 
width of !/, inch, observations being 
taken at one intermediate thickness, */¢4 
inch. Observations were also made on 
six specimens having a '/g-inch overlap, 
for one of the oils. Otherwise nine speci- 
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Figure 3. Stability of oil-impregnated-paper 
insulation—breakdown stress and life 


mens were tested at each channel width 
and for each of the two oils, 5,314 and 
5,317. 

The results of these studies are plotted 
in Figure 4, in which the average spread 
of the nine specimens represented by each 
point is indicated in vertical lines. 

It will be noted that the decrease of di- 
electric strength with increasing width of 
oil channel is practically linear for oil 
5,314, the percentage decrease from a 
close butt joint to a channel width of 
1/, inch being 9.5 per cent. A similar 
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over-all decrease is seen for oil 5,317, al- 
though the rate of decrease with channel 
width is less regular. The over-all de- 
crease in this case is roughly six per cent. 
No great accuracy may be claimed for 
numerical values in these results, prin- 


cipally because it is difficult to maintain. 


a uniform channel width of low value. 
Thus in the close butt experiments, the 
results on two specimens have been 
omitted, because on dissection it was 
found that the joints between tapes were 
slightly open in the region of failure. 
The closest butt joint that can be wound 
seems to have here and there a slight 
opening. With this in mind a set of speci- 
mens was wound with a !/¢4-inch overlap, 


STANDARD 
CHANNEL 


BREAKDOWN STRESS —VOLTS PER MIL 


-2 fe) 2 4 6 
CHANNEL WIDTH —64™# INCH 


Figure 4. Stability of oil-impregnated-paper 


insulation—breakdown stress versus channel 
width 


and it may be seen from the curve for oil 
5,317 that this resulted in a still further 
slight increase of dielectric strength. 

It is to be noted that the higher dielec- 
tric strength of oil 5,314 over 5,317 noted 
in the other experiments, appears also in 
the experiments on channel width. 


Types of Failure 


INITIAL AND PARTIAL FAILURES 


An early method of interrupting the 
circuit following breakdown of the speci- 
mens, using a very light fuse in the pri- 
mary circuit of the testing transformer, 
resulted uniformly in through failures 
with considerable burning. Later, use 
was made of a thyratron tube, operated 
from the voltage over a resistance in se- 
ries with the connection of the low-volt- 
age electrode to ground, and operating a 
fast-moving relay and circuit breaker in 
the primary circuit. This resulted in 
early interruption of failure and indeed 
enabled us to remove and examine a 
great many specimens in which partial 
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failures only had occurred. These partial 
failures consisted of the burning, or 
break through, or other evidence of 


‘trouble, in from one layer of paper or 


channel of oil, to an increased number of 
layers up to but short of the full insulation 
wall. The amount of burning in a failed 
specimen of this type is very greatly re- 
duced, and a much better idea of the 
origin, causes, and succeeding progress 
of the failure has been obtained. 

The failures may be roughly divided 
into four groups based on careful dissec-_ 
tion followed in many cases by oil ex- 
traction and staining with magenta: 


A. Through radial failiures. 


B. Partial failures involving one half of 
the total thickness of the insulating wall or 
less, and all terminating on the high-voltage 
conductor, or on the outer lead sheath. 


C. Partial failures within the insulating 
wall, but not reaching either conductor or 
sheath. 


D. Failures with no outward evidence of 
burning, but with subsequent evidence of 
wax formation. 


Out of a total of 117 specimens tested, 
46 had complete through failures and 66 
had partial failures of one type or another. 


Class A—Through Radial Failures. In 
these cases the burning is greater than in the 
partial failures, but in general the evidence 
is that there is little departure from an ap- 
proximately straight radial failure ending in 
an oil channel near the outer layers and the 
first adjacent layers. Tree patterns and 
tracking are often evident, but only to the 
extent of reaching one adjacent oil channel. 
Puncturing through the tape of four con- 
secutive layers was not uncommon. 


Class B—Partial Failures Ending on In- 
ner or on Outer Conductor. The character- 
istic of most of these failures is an area of 
blackened or burned oil film, never greater 
than one inch in diameter, towards the 
center of the insulating wall. Beyond the 
burned spot, evidence of trouble diminishes 
rapidly within one or two layers, then dis- 
appears. In the other direction burning also 
decreases, the puncture taking the form of 
short lengths of blackened oil in the chan- 
nels and puncture through tapes, becoming 
smaller and cleaner towards the electrodes. 
The first, second, or third oil channel from 
the high-voltage conductor is usually in- 
volved. An exceptional case in this group 
consisted of four tiny punctures of four 
outside layers, originating in the oil ad- 
jacent to a corner of reinforcing paper at 
the end of the specimen and with no evidence 
of burning. 

Of a total of 66 partial failures, 11 termi- 
nated on the outer electrode and 49 on the 
inner electrode. In one case there was a 
partial failure to each electrode, the two ~ 
being well separated longitudinally, and ap- 
parently not related. 


Class C—Partial Failures Not Reaching 
Either Electrode. Only three failures of 
this type were noticed, but they were quite 
definite. They were characterized by iso- 
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ated black regions in an oil channel. Two 
ere within four layers of an electrode. In 
one case the trouble was confined to only 
wo layers. 

_ In addition to these clearly marked local 
failures, there were ten cases in which this 
type of trouble was found to be coexistent 
with a failure either “through” or “partial” 
ending on an electrode, although definitely 
separated from it. 


Class D—Failures With No Outward 
Evidence of Burning. In two cases first 
examination of the specimen failed to reveal 
any trouble other than a slight smell of 

burned oil. After subsequent oil extraction 

and staining with magenta dye, there was 

_ evidence in each case of initial wax formation 
at various places. 


In considering these results, it should 
be borne in mind that in our specimens 
the insulation wall was relatively thin 
(0.08 inch), and the diameter of the 
smooth high-voltage conductor was rela- 
tively large (one inch). The excess of 

_ stress at the conductor surface over that 
at the outer electrode is of the order of 16 
per cent, which is not much greater than 
the values of the average spread of our 
experimental breakdown results; thus 
partial failures originating on the outer 
electrode may be due to normal variations 
in the paper or oil. The smooth high- 
voltage conductor is perhaps an advan- 
tage in that it eliminates the common 
type of oil pocket in stranded conductors 
and confines the experimental results 
more definitely to the impregnated wall. 

Throughout the careful examinations 
of the failed specimens, constant evidence 
has been found that the initial trouble 
arises in an oil space. In the cases of par- 
tial failures, either the first or the second 
oil channel was always involved. In all 
cases involving one, two, or three layers 
only, punctures were rarely found, the 
trouble being of the nature of oil blacken- 
ing and surface tracking. Also in all 
cases without exception it was found that 
the oil in the channel next to the high- 
voltage conductor was more or less black- 
ened, in many cases the blackening being 
limited to the edges of the paper and re- 
vealed by fine black lines on the polished 
conductor. 


Discussion 


It is believed that the outstanding re- 
sults of this and the foregoing papers may 
be explained qualitatively in terms of the 
characteristics of the impregnating oil. 

All refined degassed insulating oils ap- 
parently have the following characteris- 
tics in greater or less degree: 


(a). A relatively low long-time conduc- 


tivity, that is, as measured after a long ap- 
plication of continuous electric stress. This 
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conductivity is partly electronic, but largely 
due to an inherent electrolytic dissociation 
arising in the complex molecular structure. 


(6). An initial or short-time conductivity 
persisting for, say from one-tenth to one 
second, which may be many times as great 
as the short-time conductivity. This con- 
ductivity is due to an accumulation of rela- 
tively large and heavy ions or clusters of 
neutral molecules about a central ion. It is 
the motion of these large ions back and forth 
under alternating stress which causes the 
greater part of the dielectric loss in such oils. 


(c). Both types of conductivity are in- 
creased by contact with paper and metals, 
due to added electrolytic impurities, and 
also to increased electrolytic dissociation. 


(d). Application of continuous stress causes 
the large heavy ions to move to the elec- 
trodes or limits of an oil space, where, owing 
to their envelopes of neutral molecules, not 
all of them are discharged, and space charges 
accumulate close to the electrodes or other 
limiting surfaces, for example, paper tapes. 
Under alternating stress a similar action 
goes on resulting in maximum space charge 
accumulations at the crest of each half cycle. 
Studies of the mobility of these ions indicate 
that at 60 cycles there is sufficient time dur- 
ing a half cycle for some at least of these 
ions to pass completely across the oil chan- 
nels occurring between paper tapes in im- 
pregnated-paper cable insulation. 


The mass of evidence from the failures 
studied in this series of papers is that 
failure begins in an oil channel between 
paper tapes and probably at the contact 
surface between paper and oil. The fail- 
ure is caused by a layer of high stress 
between the paper and a space charge 
layer immediately adjacent. Witness for 
example the spiral marking on the high- 
voltage conductor immediately under the 
edges of the paper tapes and over the full 
length of the specimen; also the isolated 
cases of partial failure in which the only 
evidence of failure is blackening in the 
channels, with carbonized channels 
through paper tapes spreading therefrom. 


The ultimate cause of failure is a stress 
sufficiently high to ionize a molecule with 


' the liberation of gas. The tiny bubble of 


gas may be reabsorbed before the next 
voltage crest in which case increasing 
carbonization may result before final 
failure. With further increase of stress, 
however, the gas bubble becomes larger, 
continues through the cycle, and is the 
seat of gaseous ionization. This latter 
attacks the adjacent paper much more 
aggressively, leading ultimately to punc- 
ture, to the extension of the oil breakdown 
in the next oil film, and to surface spread- 
ing to the adjacent oil channel of the next 
layer. 

Failures here described, in outward ap- 
pearance are often similar to those de- 
scribed by Robinson.’ However, there 
is much indication in this work that the 


Whitehead—Dielectric Strength 


“coring” in the paper tapes occurs at the 
end rather than at the beginning of the 
process of failure. Coring has been no- 
ticed frequently at both conductor and 
sheath, but in these cases the complete 
absence of burning, as compared with 
conditions in the oil channels of deeper 
lying layers indicates strongly that the 
initial trouble originates in the channels 
then extending to puncture of the paper 
by the coring process. In our case we 
picture the oil as breaking down with the 
liberation of gas, subsequent gaseous 
ionization attacking the paper wall, per- 
haps in the manner suggested by Robin- 
son. However, Robinson postulates a free 
gas bubble originally present near the 
high-voltage conductor, gaseous ioniza- 
tion in this bubble, and coring as the first 
stage of failure in the insulation wall it- 
self. We believe our specimens to be 
originally entirely free of such gas bubbles 
and that the first gas that appears is due 
to oil failures. We do not find that coring 
is limited to the inside layers, due to the 
small difference in radial stress between 
outer and inner layers in our specimen. 
However, in the cases discussed by Rob- 
inson the higher stresses on the inside 
layers would tend to give first oil failures 
and subsequent coring in those layers. 


The decrease of dielectric strength 
with increasing density of the paper tapes 
has already been ascribed to the increas- 
ing value of the stress in the oil channels 
due to the increasing value of dielectric 
constant of the impregnated paper. Ap- 
proximate computation of the breakdown 
stress in the oil indicates a slight decrease 
in the critical stress with increasing paper 
density.’ It is suggested that this is ex- 
plained by the fact that the oil in contact 
with papers of increasing density takes on 
a greater number of adsorbed ions from 
the paper. There is a resulting increase 
in the density of the space charge layers, 
and an increase in stress between this 
layer and the adjacent surface. Thus the 
critical or breakdown stress in the oil is 
reached at a lower voltage or lower aver- 
age stress. 

Some cable engineers have been loth to 
accept this evidence that the dielectric 
strength of impregnated paper decreases 
with increasing paper density. It is 
stated that in manufacture, cables con- 
taining high-density paper give a higher 
dielectric strength than those using paper 
of a lower density. In one case it is stated 
that it has certain other advantageous 
physical properties. There are, however, 
no published data clearly showing these 
advantages of high-density paper in com- 
parative life tests under sustained stress. 


One possible explanation is that there 
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may be a difference in behavior under 
impulse or short-time tests and under 
sustained voltage tests. Here too experi- 
mental datais very meager. Del Mar and 
Works have recently presented data in- 
dicating that under short-time tests for 
certain values of overlap of paper tape, 
the breakdown strength of high-density 
paper may rise above that of low-density 
paper. However, as emphasized else- 
where in this paper, a time element un- 
doubtedly is present in failures under 
sustained high stress. It is possible, 
therefore, that under impulse or short- 
time tests the inherent high dielectric 
strength of the high-density paper might 
play a more important part than the de- 
layed breakdown of oil in the oil channels, 
in which the stress is much higher than 
the over-all average stress, due to the 
difference in the dielectric constants of 
the impregnated paper and the oil in the 
channels. 

A pronounced decrease in dielectric 
strength with increasing paper thickness 
has been found.4 This result may be at- 
tributed to the well-known fact that the 
breakdown strength of thin oil films de- 
creases with increasing thickness. How- 
ever, in this case also, approximate com- 
putations of the values of stress in the oil 
films at breakdown decrease with increas- 
ing thickness, again giving a first indica- 
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tion that the breakdown stress of the oil 
does not have a constant value. The 
same explanation may be offered here, 
namely, that with increasing paper and 
channel thickness, more ions are present 


in the oil film, greater values of space 


charge accumulate, and a critical break- 
down strength of the oil is reached at a 
lower value of over-all stress. 


Conclusions 


1. Laboratory studies in accelerated life 
tests of the influence of the density of the 
paper on the breakdown strength of im- 
pregnated-paper insulation have been con- 
tinued. When impregnated with a heavier 
oil, as used in solid-type cables, there is a 
marked decrease of dielectric strength with 
increasing paper density. Results are closely 
similar to those already found using a thin 
oil as impregnant. 


2. Raising the viscosity of the thin oil and 
lowering the viscosity of the heavy oil so 
that both have the same value during im- 
pregnation has little effect on the breakdown 
strength. Specimens impregnated with the 
heavy oil show no change in behavior. Rais- 
ing the viscosity of the thin oil results in a 
slightly lower dielectric strength. When the 
two oils have the same viscosity, the values 
of power factor and of oil content are ap- 
proximately the same. 


3. The dielectric strength of impregnated 
paper decreases with increasing oil-channel 
width between successive convolutions of 
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tape. When the thin oil is used the de- 
crease is about 9 per cent; when the heavy 
oil is used, the decrease is about 61/2 per 
cent, as the channel width increases from 
zero (close butt joint) to !/s inch. 


4, In all the foregoing experiments the di- 
electric strength and stability when using 
the thin oil as impregnant were noticeably 
higher than when using the heavy oil. 


5. Close examination of all failures leads 
to the conclusion that in the accelerated 
life or stability tests lasting two days or 
more, failure always begins in an oil space. 


6. Qualitative explanations are offered for ~ 
results in this and two preceding papers of 
this series. 
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Frequency Control of Load Swings 


J. E. McCORMACK 


MEMBER AIEE 


Synopsis: The Consolidated Edison Com- 
pany made a series of tests to determine the 
cause and extent of system load swings on 
generators and tie feeders. The results were 
reported in detail in a previous paper... An 
analysis of these tests indicated ways in 
which our load dispatching methods could 
be improved. This paper reports the effect 
of the changes in the method. Our experi- 
ence indicates that the operators may re- 
duce tie and generator load swings to 
negligible values by using frequency to con- 
trol manual adjustments of generator out- 
put, provided that an accurate frequency 
indication is available at each generating 
station. 


EVERAL of the principles reported 

in the previous paper! have been ap- 
plied to our method of load dispatching to 
reduce the load swings on the tie feeders 
and generators. These principles are: 


1. Major load swings are caused by manual 
operation of governor valves in one or more 
stations during periods of load change. 


2. Governors or supplementary controllers 
do not contribute to load swings but operate 
continuously to check them. 


WwW 59.9 
Ss MANUAL LOAD CHANGES ORDERED MANUAL 
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Figure 1. Load swing caused by load changes 
ordered by the system operator 


The load changes were made when they drove 
the frequency away from normal 
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3. A change in voltage will result in a 
change in both real and reactive load de- 
mand, but a change in frequency within 
reasonable limits and with constant voltage 
does not result in an appreciable change in 
system demand. 


4. The instantaneous relations between 
load, voltage, and frequency serve to indi- 
cate the initiating cause of a load change. 
An initial change in any one of these quanti- 
ties will affect the other as shown in Table I. 


Table | 
Effect on 
Initiating 
Change Voltage Load Frequency 
Voltage 
Increase... . — .. Increase ... Decrease 
Decrease.... — .. Decrease. . . Increase 
Load 
Increase... . Decrease... — . . Decrease 
Decrease....Increase ... = . .Increase 
Frequency 
Increase. ...Increase ...Increase... — 
Decrease... . Decrease... Decrease... — 


Effect of Manual Adjustments 
of Generator Output 


On a system supplied from one turbo- 
generator, a manual adjustment of the 
steam input would be readily discernible 
in the speed and voltage. This effect is 
not so apparent on a large system, because 
there are many governors and controllers 
operating to compensate the change. A 
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change in steam input in excess of the load 
requirement on the one unit system re- 
sults in a relatively large speed change, 
while on the large system, it results in a 
load swing over the connections between 
generators. On a large system the genera- 
tor on which a manual load adjustment 
is made will have a simultaneous change 
of speed and load in the same direction, 
while all other units, under the influence 
of their respective governors, will change 
load in a direction opposite to the fre- 
quency. 

If the generator ouput at one station is 
increased by manual adjustment when 
the frequency is at or above normal, the 
governors at the other stations will reduce 
the generated load by an equal amount. 
If these other stations are operating on 
scheduled loads the station operators will 
make manual adjustments to restore their 
stations to schedule, thus driving fre- 
quency still higher. This jockeying of 
load between stations results in load 
swings on the tie feeders, as well as on the 
stations, and imposes an unnecessary bur- 
den on a station assigned to regulation of 
frequency. 

An example of load swing caused by 
manual adjustments without regard to in- 
stantaneous frequency is shown in Fig- 
ure 1. This type of load swing can be 
avoided if the system frequency is used as 
a control in making manual adjustments. 


Load-Dispatching Methods 


It was the practice of the system opera- 
tor to assign blocks of load to each sta- 
tion from time to time on the basis of an 
advanced estimate of the load require- 
ments. Past experience with the hour-to- 
hour changes in total system demand was 
used in making the estimate. The sta- 
tion operators made the load changes 
when ordered, regardless of the frequency 
at that time. If the system demand did 
not change exactly as anticipated, the 
ordered changes would cause the fre- 
quency to depart from normal, and a 
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system-wide load swing would result as 
the governors and controllers operated to 
compensate for the excess change. Where 
the tie feeders are relatively small in 
capacity, or where for contractual rea- 
sons the tie feeder interchange is to be 
maintained at a fixed value, it is then 
necessary to make additional adjustments 
to restore the tie-feeder load to normal. 

In order to minimize these load swings, 
the following changes were made in our 
load-dispatching methods. The system 
operator now estimates the load in ad- 
vance but assigns load to each station in 
larger blocks and at less frequent inter- 
vals. When the station operator receives 
a load-change order, he executes the order 
only at an instant when the change will 
tend to restore the frequency to normal. 
In other words, the station operator in- 
creases load only with low or dropping 
frequency and decreases load only with 
high or rising frequency. Thus, errors in 
load anticipation which could cause load 
swings are automatically eliminated. 

The system operator has authority to 
make load changes, regardless of fre- 
quency, should changes be necessary, but 
he must specifically state that this shall be 
done. 

We would like to point out that these 
measures are not intended to maintain 
closer frequency or to keep the accumu- 
lated time error within narrow limits, but 
are for the purpose of reducing, by the use 
of indicated frequency, the unnecessary 
load swings on generating facilities and 
tie feeders. 

Figure 2 shows the extent that load 
swings have been reduced by the present 
method of load dispatching. 


Need for Accurate 
Frequency Indication 


Frequency indication as a control in 
making manual load adjustments requires 
that each station have a suitable fre- 
quency indicator. Since the normal fre- 
quency band on the system is about 0.1 
cycle per second, an instrument for this 
purpose would have to be accurate within 
a fractional part of this normal band. 
This accuracy should be in the neighbor- 
hood of one part in 50,000, which is be- 
yond the capability of the conventional 
frequency meter. A meter of normal ac- 
curacy could be used if one meter sent 
impulses to all stations indicating whether 
the frequency was high or low. An- 
other way would be by transmitting a 
standard frequency voltage and com- 
paring it differentially with another volt- 
age at system frequency at each station. 

On our system a standard frequency 
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accurate to better than one part in a mil- 
lion is available.2 This standard fre- 
quency is transmitted to each major sta- 
tion and compared with the system fre- 
quency by means of a synchroscope. The 
synchroscope gives one revolution for each 
cycle of slip frequency between the stand- 
ard and system frequencies. The direc- 
tion of rotation indicates whether the 
system frequency is high or low, and the 
rate of rotation is a measure of the amount 
of departures from standard frequency. 
Each station operator therefore has the 
same indication of system frequency. 

This method of transmitting a fre- 
quency standard has been practical on the 
Consolidated Edison Company system 
because of the relatively few large stations 
and the short distances between them. In 
order to use a similar scheme over a wide- 
spread system, we have developed a fre- 
quency indicator operating from a fre- 
quency standard received by radio. Fig- 
ure 3 shows the schematic diagram of this 
device. This scheme is based upon send- 
ing a standard frequency by a radio trans- 
mitter which has sufficient signal strength 
to cover the area of the system. 

The radio signal is amplified by a radio 
receiver at each station, and the amplified 
standard-frequency voltage output is im- 
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Figure 2. Effect of frequency control of 


manual load changes on tie-feeder loads 


When load changes are made independent of 
system frequency, the tie-line loads vary con- 
siderably. \When the load changes are made 
so that they restore frequency to normal, the 
large rapid load changes are not experienced 


pressed on a step-up transformer. The 
transformer supplies a neon tube which is 
circular in shape and is covered by a disc 
having a single slot. The disc is driven by 
a synchronous motor from the power sys- 
tem. The standard frequency in cycles 
per second must be exactly divisible by 
the motor synchronous speed in revolu- 
tions per second. When the device is in 
operation, and the neon tube is viewed 
through the slotted disc, a series of light 
spots evenly spaced in a circle will be 
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seen. If these spots remain stationary, 
the system frequency at that time is cor- 
rect. If the spots rotate, the system 
frequency is incorrect. The direction of — 
rotation indicates whether the system 
frequency is above or below the standard 
frequency. 

A few trial installations of this device 
are in service using an existing standard- 
frequency broadcast by the Bureau of 
Standards in Washington. This signal is 
broadcast on a carrier frequency of five 
megacycles and modulated by a 440-cycle | 
tone. A 1,200-rpm synchronous motor 
is used to drive the slotted disc. The ex- 
perience with this device has been very 
satisfactory. 


Conclusion 


The results of a year’s experience using 
frequency as a control in making manual 
load changes on the Consolidated Edison 
Company system have led us to the fol- 
lowing conclusions: 


1. Generating-station and tie-feeder load 
swings can be reduced to a point where load 
swings are no longer a problem. 


2. The need for accurate load anticipation 
becomes less important. 


3. Tie feeders can be loaded safely to their 
thermal or stability limits. 


4. Interchange energy between parts of the 
system may be controlled within closer 
limits. For contractual reasons this is often 
important. 


5. Boiler-room maintenance costs can be 
decreased by reducing the load swings on the 
boilers. 


6. Manual load adjustments by the station 
CONDENSER 
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Figure 3. Schematic diagram of stroboscopic 
method of frequency indication based upon a 
standard frequency received by radio 
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operator can be normally made in a direc- 
tion to aid the automatic governors or con- 
trollers. 
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c The Effect of Initial Gondition: on 
Subharmonic Currents in a Nonlinear 


Series Circuit 
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Synopsis: This paper shows the importance 
of switching time as an initial condition for 
the current in a simple nonlinear series cir- 
cuit with a saturable inductor. It is also 
: shown that initial flux linkages in the induc- 
tor have an important effect on the current 
response during the first few cycles after 
closing the switch. It is emphasized that 
all experimental work was done with volt- 
ages below the critical ferroresonant voltage. 


_ fT is the purpose of this paper to report 
the results of a study of the effect of 
switching time on the current response in 
a series R, L, C circuit containing a satu- 
rable inductor. In previous experimental 
work no attempt has been made to con- 
trol the initial angle of the sinusoidal ap- 
plied voltage. 

This series nonlinear circuit has been 
the subject of considerable investigation. 
Its importance was recognized in this 
country when outages caused by abnor- 
mally high currents were experienced in 
transmission lines equipped with series ca- 
pacitors. It was found that the observed 
abnormal currents had a frequency lower 
than the system frequency. The fre- 
quency was a submultiple of the funda- 
mental; hence, they were called ‘‘subhar- 
monic” currents. Concordia! and Butler 
solved the equations of the circuit for the 
parameters of interest in their transmis- 
sion-line problem by employing a differ- 
ential analyzer. Following this work 
Travis? and Weygandt approached the 
problem analytically with the method of 
matching boundary conditions. They 
were forced to make many simplifying as- 
sumptions, but the solutions they ob- 
tained give an insight into the mechanism 
of the production of subharmonic currents 
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in this circuit. One of the most serious 
assumptions, namely, that of neglecting 
capacitance in the circuit when the in- 
ductor is saturated, was removed by I. 
Travis’ in a later paper. The theoretical 
investigation has reached a point where a 
great amount of computation must be 
done to obtain a small amount of informa- 
tion, To study the performance of this 
circu't further J. D. McCrumm! has em- 
ployed an experimental method which 
consists of a systematic variation of cir- 
cuit parameters, and recording of wave 
forms on oscillograms. The currents in 
his circuit were initiated by the random 
closing of a knife switch. 


Experimental Procedure 


The circuit studied is shown in Fig- 
ure 1. The timed switch is constructed so 
that it can be closed at any point of the 
60-cycle sine wave. After closure, it re- 
mains closed for the duration of four cy- 
cles, and then opens. Two cycles later it 
closes again at the same switching angle as 
before. This repetitive closing and open- 
ing enables the experimenter to view the 
first four cycles of the current as a steady 
image on an oscilloscope screen. During 
the two cycles that no voltage is applied, 
the capacitors are short-circuited to in- 
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sure that the initial charge is zero, With 
this timed switch it is possible to watch 
the change of wave form as the switching 
angle is varied and also while various 
circuit parameters are varied. Provision 
was made to keep the switch closed after 
one of its periodic closures. This enables 
the experimenter to make oscillograms of 
the current from the time of initiation. 
Details of the timed switch are given in 
the appendix. 


Results 


The effect of initial voltage phase angle 
on the circuit response is best shown b 
R ; 
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Figure 2. Polar diagrams showing the type of 
circuit response for the full range of initial 
voltage phase angle 
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the polar diagrams of Figures 2, 3, and 4. 
The zero of angle was arbitrarily chosen 
as the zero on an oscillogram before the 
negative half-cycle. 

The response of the circuit may be 
divided into three types, namely: 


1. Exciting current. 
2. Stable subharmonics. 


3. Unstable subharmonics. 


Exciting current is the normal current ina 
transformer primary for no load on the 
secondary, Stable subharmonics are ab- 
normally high currents having a fre- 
quency which is an integral submultiple 
of the frequency of the applied voltage. 
The currents are said to be stable if they 
persist as long as voltage is applied to the 
circuit and they maintain a repetitive wave 
form. Unstable subharmonics are abnor- 
mally high currents having a nonrepeti- 
tive wave form. According to the theory 
of Travis and Weygandt, these currents 
have imperfectly matched boundary con- 
ditions, and therefore they cannot repeat 
each cycle exactly. It is common for such 
currents to continue in a “‘jittery”’ state 
for many minutes and suddenly disappear 
not to reappear until the circuit is again 
closed with the proper initial conditions. 

The wave forms of the subharmonics 
are not given here, since many have al- 
ready been published. The initial volt- 
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Figure 3 (above) 
Figure 4 (left) 


age phase angle has no ef- 
fect on the wave form of the 
subharmonic current in the 
region where these currents 
are possible. Switching 
angles of 90 degrees and 270 
degrees generally give an exciting-current 
response, and the unstable subharmonics 
are situated on the border line between 
exciting current and stable subharmonics. 

The diagrams of Figures 2, 3, and 4 
show also that the subharmonic region is 
smaller for high values of circuit resist- 
ance. In the circuit of Figure 1, sub- 
harmonics could not be initiated at any 
angle when the resistance R was greater 
than approximately seven ohms. The 
extent of the subharmonic region also 
decreases as the applied voltage decreases. 


V=Il0 
R=2.93 


60-CYCLE TIMING WAVE 
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This is to be expected, because the lower 
the voltage, the more difficult it is to 
saturate the core of the inductor. 

The boundary lines between current 
regions are drawn sharply but actually 
it is difficult to tell within plus or minus 
five degrees where one region ends and an- 
other begins. These graphs then have 
only a semiquantitative value. Each 
diagram is the result of observations taken 
at least two complete cycles of 360 degrees 
to be certain that the results are reprodu- | 
cible. ay, 

Another possible initial condition which — 
has not been previously investigated 
either theoretically or experimentally is 
the initial flux in the inductor core. Os- 
cillograms were taken with the trans- 
former winding flashed with d-c before 
the switch was closed. Figure 5 shows 
two oscillograms taken of current initiated 
with identical initial conditions, except 
that the inductor was flashed in one di- 
rection for one oscillogram, and in the 
reverse direction for the other. It can be 
seen that the first few cycles are very dif- 
ferent, but the wave forms after a short 
time has elapsed are identical. Figure 6 
shows a repetition of the experiment for a 
different set of initial conditions. 


Conclusions 


The results of this study may be sum- 
marized as follows: 


(a). The current response in this circuit is 
dependent on the initial voltage phase angle. 


Figure 5. Oscillograms showing the current 

response of the circuit for identical initial 

conditions except that the initial flux in the 
inductor core was reversed 


The initial voltage angle was 31 degrees. 
Other data are R=2.93 ohms, V=190 volts, 
and q,=zero 
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¥ 7 - 
gu e 6. Oscillograms made in a manner 
similar to those of Figure 5 


p is case the initial phase angle was 266 
legrees. Other data are R=2.93 ohms, 
_ V=140 volts, and g, =zero 


+ ilheeed 7 


a 


(0). The wave form of stable subharmonics 
is independent of initial phase angle. 


(c). The wave form of the first few cycles 
of a subharmonic current is dependent on 
the value of initial flux linkages in the in- 
ductor. 


" : 
t 
FLUX-SHIFTING 
RELAY Figure 7. Schematic diagram of the relay and 
associated circuits 
35-OHM RELAY- 
COIL RESISTANCE 
TIMING DISCS 
3:1 GEAR 
ae TRAIN 
NONLINEAR 
CIRCUIT ieee 2128-7 
CAM SHIFTER 


TO RELAY CONTACTS 


AUXILIARY RELAY 
SHORTING CIRCUIT 


Figure 8. An oscillogram illustrating the 
performance of the timed switch 


Note that the wave forms are repeated in de- 

tail. Note also that the capacitor voltage is 

reduced to zero after the switch opens so that 
q, =zero for the next closure 
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CAPACITOR 
TERMINALS 


RELAY- COIL 
EXCITER CIRCUIT 


6 VOLTS 


It should be noted that nothing has 
yet been said about ferroresonance. The 
impressed voltages employed in this work 
were lower than the critical voltage for 
ferroresonance in all cases. All state- 
ments concerning initial conditions, there- 
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fore, apply only to subharmonic currents. 
It is certain that the currents of ferro- 
resonance are abnormally high, but the 
frequency is that of the applied voltage. 
This point is stressed, because some con- 
fusion is apparent in the discussions of 
other papers, os. en 


‘ 


Appendix 


The timed switch discussed under experi- 
mental procedure was a mechanical flux- 
shifting relay. A mechanical relay was em- 
ployed, because it is necessary to have the 
circuit resistance very low. This eliminates 
the possibility of using electronic switches, 
because they have a high internal resistance, 
and furthermore this resistance is a func- 
tion of the current. 

Figure 7 shows a schematic diagram of the 
relay and the associated circuits. The pur- 
pose of the circuits is to excite the flux- 
shifting coil on the relay at the proper time. 
The timing is effected as follows: 


(a). A synchronous motor running at 1,800 rpm 


turns three coaxial disks at 600 rpm through a 3 to 


1 gear train. 


(b). One disk has a shorting baron the periphery 
which closes the bias circuit of the FG 17 thyratron. 
The thyratron plate current excites the flux-shifting 
coil on the relay, causing it to close. This coil 
excitation occurs once every six cycles. The part 
of the 60-cycle wave at which it occurs is deter- 
mined by the space angle of the synchronous motor 
rotor. This space angle can be varied through 360 
degrees by means of the phase shifter on the input. 


(c). A cam is set on the end of the synchronous 
motor shaft so that it opens the relay about four 
cycles (1/15 second) after the closing instant. 


(d). Another disk on the motor shaft is arranged 
to break the thyratron plate circuit after the arc in 
the tube has been initiated. This is necessary te 
make the tube ready for the next closure. 


(e). A third disk on the motor shaft has a shorting 
bar on the periphery. This is oriented so that dur- 
ing the two cycles after the cam opens the relay, 
the charge on the capacitors in the circuit may be 
reduced to zero. 


The oscillogram, Figure 8, shows the per- 
formance of the timed switch. Note that 
each cycle of operation is repeated in every 
detail. The result is a steady image of the 
first four cycles of current in the circuit on 
an oscilloscope screen. 

The FG 17 circuit is switched in if it is 
desired to keep the circuit closed after a 
given closure. This circuit is used in con- 
junction with an oscillograph to get photo- 
graphs of the current, and capacitor voltage 
wave forms from the time of closure until 
the steady state is reached. 
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Study of Driven Rods and Counterpoise 
Wires in High-Resistance Soil on Con- 
sumers Power Company 140-Kv System 


J. G. HEMSTREET 


ASSOCIATE AIEE 


HE Consumers Power Company oper- 

ates an extensive 140-kv system in 
eastern, southern, and western Michigan. 
In parts the top soil is sand, sometimes 
extending to a considerable depth, and 
tower footings in this soil have very high 
resistance compared with resistance en- 
countered in other soils. 

In 1936 the Consumers Power Com- 
pany and the General Electric Company 
began a joint investigation of the ground- 
circuit arrangement best suited to carry 
the lightning current with a minimum po- 
tential across the line insulators. The test 
setup was arranged to study the relative 
merits of the driven rod, the continuous- 
parallel counterpoise, and the radial coun- 
terpoise, as well as to investigate the cur- 
rent and voltage conditions near the sur- 
face of the earth in the vicinity of the 
lightning stroke. 


Methods of Grounding 


To study various methods of ground- 
ing, a portion of the N-14 line between 
Croton and Muskegon was divided into 
three sections, and each section was 
equipped with special earth connections 
as follows: 


Section A. Towers 7,659 to 7,682, parallel 
continuous counterpoise and right-angle 
counterpoise. 


Section B. Towers 7,683 to 7,708, parallel 
continuous counterpoise and driven rods. 


Section C. Towers 7,711 to 7,723, right- 
angle counterpoise and driven rods. (Tower 


Paper 42-107, recommended by the AIEE committee 
on power transmission and distribution for pres- 
entation at the AIEE summer convention, Chicago, 
Ill., June 22-26, 1942. Manuscript submitted 
April 7, 1942; made available for printing April 24, 
1942. 
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7,709 has been removed. Tower 7,710 is 
equipped with ground rods, but not with 
right-angle counterpoise because of deep 
gully and road.) 


Figures la, 1b, and 1c show the three 
arrangements. The length of each sec- 
tion is approximately two miles. The 
counterpoise wire consists of seven-strand 
3/,-inch galvanized-steel cable buried to 
a depth of approximately 18 inches. The 
parallel wire extends continuously be- 
tween towers, passing directly beneath 
the towers and connecting to the middle 
leg. The right-angle counterpoise wires 
extend 250 feet each side of the line and 
are attached to the side legs of the towers. 
The total length for each tower approxi- 
mates the length of one span. 


The rods were driven as deep as neces- 
sary to secure a resistance of between 10 
and 20 ohms. In some cases one rod was 
sufficient and in other cases two rods were 
necessary. The rods were made of °/;- 
inch copper bearing steel, 8 feet long, the 
lengths being joined together by pressed 
fit couplings and driven into the ground 
by gasoline hammers.'? Rods were 
driven to all depths, up to 150 feet in some 
cases. 


In addition to the counterpoise wires 
and driven rods connected to the towers, 
10 isolated probe wires approximately 100 
feet long were buried in the ground, begin- 
ning approximately 300 feet from the line 
and extending at right angles to the line. 
These were spaced approximately uni- 
formly throughout the experimental re- 
gion between towers 7,659 and 7,723. 

The N-14 line for the greater part of its 
length is a single-circuit line on steel 
towers. The conductors are arranged ina 
triangle, two on one side of the tower and 
one on the other, the equivalent delta 
spacing being approximately 15.6 feet. 
The total length of the line between Cro- 
ton and Muskegon is 37.4 miles, of which 
35.4 miles is 3/0 steel-reinforced aluminum 
cable and two miles 4/0 steel-reinforced 
aluminum cable. There is a ground 
wite at the peak of the towers made of 
three strands of number 7 Copperweld. 
The line is insulated with 9 disks spaced 
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5°/4 inches on suspension and 11 disks on 
dead ends. 

The towers are of the three-legged type 
and each leg was equipped with one 


Table |. Footing Resistance of Towers of 
the N-14 Line 
g 3 
$ 3 m@ #8 
q Z q “4 ° 
4s +] qa = o a 
a: 2 8 2 fs 
8 o) a8 Oo ee 
ag Fe iy A o- ee 
S Ss fags 89 228 
gs bees 3s g s8 
3% e £22 a& See 
7,659.. 460 
7,660.. 510 
7,661.. 660 
7,662.. 750 
7,663.. 680 
7,664.. 750 
7,665.. 640 
7,666.. 600 
7,667.. 840 
7,668.. 360 
Section A, |7,669.. 420 
paralleland |7,670.. 700 
right-angle |7,671.. 730 
counterpoise |7,672.. 820 
7,673.. 740 
7,674.. 750 
7,675.. 360 
7,676.. 920 
7,677.. 860 
7,678.. 760 
7,679.. 740 
7,680.. 920 
7:681.5.. 620 
7,682.. 610 
CBS. C2034 2100 14 
7,684.. 840..1.. 82 15 
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and driven |7,696.. 775..1.. 90 ..18 
rodstea ee 1.69%. ,ecO0se lee 94 16 
1,698. .0 ClDee LesmelG kk 
1,699... (630s.)le LOO 310.5 
74002. wONOs.l a eeeLOS .10 
7 OL Oo0 ater 92 14 
7,702.. 680..2.. 58-57 ..14 
Wt 022 Ob0n tae 84° “S215 
(0 04a 6408. die 84 .10 
7,705.. 540..2.. 65-53 23 
7,100 ge O2On al eee OS 10 
(AW os AU ry Alay. 9 
7,208:...1,400 201... - 92 ll 
(7.710%, 850..2..121-92 ..13 
7,71L..) 665).2 el OS 104 eae 
(125, 9102222, 808=10Seela 
47185. =800 sea ae SL 4 ri2e5 
Ttl4ae 0807 215 cn 100 Betssate 
SH Mena ioyey emma alisy. MANAG, sila s1VAS} 11 
right-angle TG SoOke le aml so 14 
counterpoise | 7,717.. 650..1.. 124 14 
and driven | (7,482.8 SlOn. 1 eee DG 12 
fFOds\.7 see (Ro Atha OO A, 
@50 203-6 LO D2 841 00 
1d alee OO Osea ome od: 10 
C22 ee OO sre atl 7 
Ute, LOR. oie. 3G) 12 


There is no tower 7,709. 


* Tower 7,710 has two driven rods, but no counter- 
poise connected to it. 
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rt magnetic links. After the 
bad ein wire on each side of 
tower, about 3 feet away from the 
- The continuous counterpoise 
ires were equipped with brackets on 
ach side of each tower, about 4 feet from 
- center tower leg, and also at the 
idle of each span, The right-angle 
ounterpoise wires on each side of the 
ower were equipped with one bracket at 
t feet from the tower leg, and on only the 
outh side one at 125 feet and one at 225 
et. Each separate probe wire had a 
racket at approximately the middle of 
ts length. Each driven rod was equipped 
one bracket. In all cases each 
racket was equipped with two magnetic 
inks in order to obtain a current range 
and to make use of the oscillatory calibra- 


The entire test portion of the N-14 line 
extends over a very uniform flat sandy 


ured by ground megger of the footing of 
each tower of the N-14 line included in 
this investigation. These resistances are 
of the footings alone and were measured 
efore counterpoise wires and driven rods 
were installed. The table also gives for 
sections B and C the lengths of the driven 
rods and the final combined resistance 
of tower footing and driven rods. 

_ During the years 1937 to 1941 inclusive, 
six strokes were experienced on the experi- 


Table Il. Footing Resistance of Towers on the 


T-20 Line 


Combined Resistance 


No. of Footing and Rods 
Tower No. Driven Rods (Ohms) 
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mental part of the N-14 line. Of these 
one was in section A, two in section 15%, 
and three in section C, Following is a 
brief analysis of the important features 
of these strokes: 


STROKE 1 


On October 19, 1937, there was a stroke 
to the overhead ground wire of the N-14 
line, between towers 7,764 and 7,765, in 
section A, equipped with parallel counter- 
poise and right- -angle counterpoise. Cur- 
rent records were obtained at 14 towers, 
7,659 to 7,672 inclusive. The stroke was 
negative, that is, all tower currents 
flowed upward and all parallel counter- 
poise currents toward tower 7,665 and all 
right-angle counterpoise currents toward 
the towers. An idea of the comparative 


Bhs ass ROD 


5 eae ROD (b) 


ine EA, 6c) pen 


Figure 1. Experimental installation of parallel 
continuous counterpoise, right-angle counter- 
poise, and driven rods 


ability of the two types of counterpoise 
to pick up current may be gained from 
the following: 

For the parallel counterpoise, the differ- 
ence between the current in a span ap- 
proaching the tower and the current in 
the same span leaving the preceding tower 
is taken as the current collection or pickup 
in that span. For the right-angle coun- 
terpoise, the currents approaching the 
tower at each side at the magnet station 
nearest the tower are added up to give 
the pickup for that tower. Table III 
shows the parallel counterpoise pickup 
and Table IV the right-angle counter- 
poise pickup for this stroke. It will be 
noted that these currents are nearly 
equal, 23,000 amperes total in the parallel 
counterpoise and 25,700 amperes in the 
right-angle counterpoise. 

At the first tower at which readings 
were obtained, tower 7,659, there were 
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2,800 amperes in the parallel counter- 
poise at the stroke side of the tower and 
no current was read in the counterpoise 
on the other side of the tower, in the 
tower legs, or in the right-angle counter- 
poise. Likewise, at the extreme end, 
tower 7,672, there were 1,800 amperes in 
the parallel counterpoise on the stroke 
side and no current was read elsewhere. 
The origin of this current is unknown. 

It is interesting to note that current 
flowed in the parallel counterpoise for 
about six spans on each side of the point 
of stroke, while the right-angle counter- 


Table Ill.  Parallel-Counterpoise Current 


Pickup, Stroke 1 


Toward Croton Toward Muskegon 


Tower No. Amperes Tower No. Amperes 


Beyond 7,659. . 0 
7,659 to 7,660.. 700 
7,660 to 7,661.. 500 


Beyond 7,672.. 0 
7,672 to 7,671.. 200 
6,671 to 7,670.. 500 


7,661 to 7,662.. 1,000 7,670 to 7,669.. 600 
7,662 to 7,663... 2,200 7,669 to 7,668.. 500 
7,663 to 7,664.. 3,100 7,668 to 7,667... 2,100 
7,664 to 7,665.. 4,300 7,667 to 7,666. . 2,300 
7,666 to 7,665. . 5,000 

11,800 ———— 

11,200 

11,800 

Total counterpoise pickup.............. 23,000 


Table IV. Right-Angle Counterpoise Current, 
Stroke 1 


Direction of 
Counterpoise 


Tower No, Wire Amperes 
Wortlarirs/aia dese coin 2,500 
AE aalarayarate , 

Big { OUCH ven aisheiieres 2,500 
665 ee North ict tei 8,000 

% { Souths. Gree eras 8,300 
INOfrthiyerc cere. siee 2,200 

hd aoa { Souther 2,200 
"Pet Bl iste a «ta cngietars vain sit bya wes 25,700 


poise carried readable current at only 
three towers adjacent to the stroke, and 
the tower members themselves showed 
current in only two towers. This wide 
extent of current pickup on the parallel 
continuous counterpoise is common on 
this line, and also has been observed on 
other lines.5 

Isolated probe conductors were in- 
stalled in the ground opposite towers 
7,660 and 7,667, but no current was 
measured in these wires. However, 
neither was any current measured in the 
right-angle counterpoise wires extending 
out toward the probe conductors at these 
towers. 

It is interesting to obtain an idea of the 
comparative ability for collecting current 
of the shallow buried counterpoise wires 
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and the short tower footings, extending 
perhaps eight feet below the ground sur- 
face. This may be done as follows: 

Table V shows the total current picked 
up by the ground system, exclusive of the 
tower footings, which could not be meas- 
ured in these tests. - 

Current was measured in only two tow- 
ers, 7,664 and 7,665, as shown in Table 
VI. The difference between the total 
tower current of 58,400 amperes and the 
total counterpoise pickup current 53,300 
amperes is 5,100 amperes, which is as- 
sumed to be the tower-footing pickup cur- 
rent. 

If the current of 2,800 amperes in coun- 
terpoise at tower 7,659 and 1,800 am- 
peres in counterpoise at tower 7,672 is 
prorated to the parallel and right-angle 
counterpoise in the ratio 23,000 to 25,700, 
we can sum up the distribution of currents 
between counterpoise and tower footings 
and evaluate the counterpoise resistance. 


Table V. Measured Current Picked up by 
Counterpoise System, Stroke 1 


———. = — 


Amperes 
Parallel (counterpoisese< cc. coves tes ok es 23,000 
Right-angle counterpoise................. 25,700 
Current in counterpoise at tower 7,659... . 2,800 
Current in counter poise at tower 7,672. .... 1,800 
EL Ot all opm arceete rte oee ei chet leks =. Liciaresieonek omens seems 53,300 


The multiple resistance of the 14 towers, 
7,659 to 7,672, from Table I, is 42.7 ohms. 
The counterpoise resistance is then as- 
sumed to be inversely proportional to the 
current pickup, as shown in Table VII. 
This comparison indicates that the 
counterpoise wires are very efficient com- 
pared with the natural tower footings 
which penetrate only a short distance 
below the ground in the same top soil 
occupied by the counterpoise wires. 


STROKE 2 


On August 20, 1938, there was a stroke 
to the overhead ground wire on the N-14 
line between towers 7,708 and 7,710. 
' Tower 7,709 had been removed prior to 


Table VI. Tower Current, Stroke 1 
Amperes Total 
Tower Current 
No. Leg 1 Leg 2 Leg 3 (Amperes) 
7,664.... 8,000....1,600....1,600....11,200 
WOGB) on tL; (00a 85000. 4 000nee . 24,200 
35,400 
Estimated cross-member current 
COsperscent cn hehe ccs Cen 23,000 
ROCA er uate cisctsvsriccsisieasie.e «ns tts Oech 58,400 
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Table VII. Counterpoise and Tower-Footing 
Current and Resistance, Stroke 1 


Table IX. DriveszRod) Counterpoise, and 
Tower-Footing Currentand Resistance, Stroke 2. 


a 
—— 


Current Current ; 
————_ Resist- —__—___——— _ Resist- 
Am- Per ance Am- Per ance 
peres Cent (Ohms) peres Cent (Ohms) 
Parallel counterpoise...... 25170). 2dn2. S00 Driven: rods ae 5d. enna 21,000... 81.1... 27.93 
Right-angle counterpoise. .28,130.. 48.3... 7.75 Parallel counterpoise..... CUE U A Wena 13.7 
Tower footings.......... 5,100.4. 8.5. 4207 ‘Tower, footings.......-.. 840. «1:6,2279-0 
100.0 Motel thawte coe ce iteteee te 25,840. .100.0 


otal en ayesctete rete oO Ole 


this time, so that towers 7,708 and 7,710 
were adjacent. The stroke was nega- 
tive, that is, cloud negative and earth 
positive, all tower currents flowing up- 
ward and all counterpoise currents flow- 
ing inward toward the point of stroke. 

Tower 7,708 was at one end of section 
B, equipped with parallel counterpoise 
and driven ground rods. Tower 7,711 was 
at the beginning of section C, equipped 
with right-angle counterpoise and driven 
ground rods, but tower 7,710 had only two 
driven rods and no counterpoise con- 
nected. The span between towers 7,708 
and 7,710 was long and ran across a 
gully. 

Table VIII summarizes the pickup in 
the counterpoise wires and driven rods. 
Approximately one half of the total cur- 
rent picked up by the driven rods was 
collected by the single driven rod at tower 
7,708. This rod was 92 feet deep and 
had a measured resistance of approxi- 
mately 11 ohms. Tower 7,710 had two 
driven rods, one 121 feet deep and one 
92 feet deep, with a combined measured 
resistance of about 13 ohms. These two 
rods, however, picked up only 4,200 am- 
peres total. It appears that ground cur- 
rents flowing in the gully at right angles to 
the line were tapped more readily by the 
single rod at tower 7,708, possibly be- 
cause of soil resistance in the vicinity and 
also possibly because the cloud may have 
been centered more to the north of the 
gully (toward tower 7,705). 

The set of readings in the parallel- 
counterpoise and driven-rod section, 
towers 7,705 to 7,708 inclusive, lends 


Table VIII. Counterpoise and Driven-Rod 
Current, Stroke 2 
Counterpoise Driven 
Rod 

Tower No. Type Amperes (Amperes) 
RCOG Mo, cairo Parallel reer O00 eee, OOO 
(OC mtd. Parallel miei CUO meme oO) 
WG MOT Petits eek Parallel erate OO Men eva 0) 
MOS Mea tetet Parallel ree OOO 13,400 
st LOM Ree eel oe aan ee eee 4,200 
COE aec acon Right angle... .2,000.... 2,000 
Totalensriy-erotoic seein 6,500 27,200 


* Not installed. 
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itself to a determination of the equivalent 
resistance of the counterpoise, on the as- 
sumption that the resistances are in- 
versely as the currents carried. The 
tower-footing resistance for towers 7,705 
to 7,708 inclusive, in multiple, isfound to 
be 179 ohms, from Table I, the combina- 
tion tower and driven-rod resistance is 
found to be 2.89 ohms, and by calcula- 
tion the driven-rod resistance alone is 
2.93 ohms. Table IX shows that the 
driven rods carried about 81 per cent of 
the total current and the parallel con-- 
tinuous counterpoise about 17 per cent, 
with the tower-footing current negligible. 
The equivalent resistance of the parallel 
counterpoise is 13.7 ohms, compared with 
2.9 ohms for the driven rods. 

A buried probe conductor opposite 
tower 7,707 carried no measurable cur- 
rent, while the driven rods at this tower 
picked up 4,400 amperes. 


STROKE 3 


This stroke took place on July 30, 
1940, to the overhead ground wire be- 
tween towers 7,714 and 7,715, in section 
C, equipped with right-angle counter- 
poise and driven rods. The stroke was 
negative. A 1 tower currents flowed up- 
ward and all rod and counterpoise cur- 
rents flowed toward the towers. Table 
X summarizes the current collection by 
right-angle counterpoise and driven rods. 

The multiple footing resistance of the 
12 towers, 7,712 to 7,723 inclusive, from 


Table X. Right-Angle Counterpoise and 
Driven-Rod Current, Stroke 3 


Counterpoise Driven Rod 

Tower No. (Amperes) (Amperes) 
(BEC Raden Boke oi 2 OOO. apes 1,800 
IRM aes Aone coat 2 D0 a ea 6,300 
Cae Rees 5 tire olives & 8,900. 2, eke 12,000 
CRU er chen Br LO;900 | Sao eers eat 30,000 
WAC UG gece eee G 000% eee 6,600 
TEE Wifcen SOIR os 4.36 20003 ene 2,500 
TVAS), ogres, aati Meee Oe eee 1,800 
00 LOE. bee ck ere 2,000 «ce eee 1,600 
Tid DO sree ae 2,000 aate see 1,000 
EEO R Con poten le talc 3 2 O00 Rac ater 1,500 
PLP? see tha oe On ners 2, OOO racers 1,000 
MLE SIs A oe e hee 3 LOO Masport 1,000 
Total eyace neon CUO, Goaina.Ge a 67,100 
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ve ae ‘ ae “f , 
Y Driven-Rod, Counterpoise, and 
ooting Current and Resistance, Stroke 3 


Am- Per ance 


Driven rods............. 67,100.. 59.0.. 0 
Right-angle counterpoise.. 45,900.. 40.3.. 1. 
mower footings... .63.... 900..- Os%o.64 


Aap NM Raa, AG 9 5a 113,900. . 


Table I, is 64 ohms, while the multiple re- 
sistance of the combined footings and 
ground rods is 0.85 ohm. From these 
figures the driven-rod resistance alone 
calculates 0 86 ohm. 
Table XI shows the division of current 
and the equivalent resistance of the driven 
rods, right-angle counterpoise, and tower 
footings, on the assumption that the re- 
sistances are inversely proportional to the 
urrents. From Table XI it will be seen 
that the driven rods carry about 59 per 
cent of the current and the right-angle 
-counterpoise wires about 40 per cent, the 
tower-footing current being negligible. 
From Table XI the summation of the 
currents picked up by the driven rods, 
right-angle counterpoise wires, and tower 
footings is about 114,000 amperes. The 
sum of all tower currents involved in the 
stroke, towers 7,712 to 7,723 inclusive, 
is 60,700 amperes, which increased by 
65 per cent for estimated cross member 
currents, would give 100,000 amperes. 
This should be increased by 3,300 am- 
peres coming in on the overhead ground 
wire from beyond tower 7,712. Thus 
there is good agreement between the cur- 
rent of about 114,000 amperes collected 
from the ground and the tower current 
of about 103,000 amperes. However, the 
current in the overhead ground wire at the 
two ends of the span that was struck 
totaled only 57,300 amperes. This cur- 
rent is undoubtedly too low. A saturated 
inner link at the Croton side, at tower 
7,715, permitted the use of the outer link 
only, with the unidirectional calibration 
curve. This value is therefore a mini- 
mum. This discrepancy might indicate 
that the counterpoise and ground-rod cur- 


* peres Cent (Ohms) © 


the more remote towers the pickup is more 
nearly equal, if not greater in the counter- 
poise. This might be expected if the 
major portion of the ground charge is 
located deeply and flows through a con- 
ducting layer radially to the driven rods 
near the lightning stroke. 

Summation of the counterpoise currents 
to the north of the line gave 30,000 am- 
peres, while those to the south of the line 
totaled 15,900 amperes. This would 
suggest that the cloud charge participat- 
ing in the lightning stroke was more to 
the north of the line. 

A reading of 5,000 amperes was ob- 
tained in a buried probe conductor op- 
posite tower 7,715, while in the three 
stations on the right-angle counterpoise 
wire, extending in the same direction, 
readings were obtained of 1,000, 2,500, 
and 3,400 amperes, going progressively 
toward the tower. Also a reading of 1,800 
amperes was obtained in a probe con- 
ductor opposite tower 7,722, while a read- 
ing of 1,000 amperes was obtained in the 
right-angle counterpoise extending in the 
same direction at the magnet station near- 
est the tower. 


STROKE 4 


This stroke took place July 30, 1940, to 
the overhead ground wire of the N-14 line 
between towers 7,702 and 7,703, in section 
B, with parallel continuous counterpoise 
and driven rods. 

The current collection for the parallel 
counterpoise and driven rods is shown in 
Table XII. The stroke was negative. 

The resistance of the footings of towers 
7,700 to 7,706 inclusive, in multiple, is 
93.7 ohms from Table I. The combined 
resistance of tower footings and driven 
rods is 1.74 ohms and the calculated re- 
sistance of the driven rods alone is 1.77 
ohms. 

Table XIII shows the distribution of 
current among the driven rods, parallel 
counterpoise, and tower footings, and the 
equivalent resistance on the basis that the 
current divides inversely as the resist- 
ance.» It will be noted that the driven 


Table XII. Parallel-Counterpoise and Driven- 


Table XIII. Driven-Rod, Counterpoise, and 
Tower-Footing Current and Resistance, Stroke 4 


Current 
———————__ Resist- 
Am- Per ance 


peres Cent (Ohms) 


Driven TOdS ceases 42,200... 88.0... 1.77 
Parallel counterpoise.., 5,000,,, 10.4...15.0 
Tower footings,....... BOO el Ona O One 


BE OCW atonsnc hin nnctett iie 48,000, , , 100.0 


rods carry 88 per cent of the total current, 
as against 10 per cent for the parallel 
counterpoise wires. 

Buried probe conductors opposite tow- 
ers 7,700 and 7,707 showed no readable 
current. The driven rods at tower 7,700 
picked up 1,900 amperes and there were 
readings in the parallel counterpoise wire 
and in the tower legs at this tower. How- 
ever, at tower 7,707 no readings were ob- 
tained in the driven rods, counterpoise 
wire, or tower legs. 


STROKES 5 AND 6 


These strokes occurred on October 2 
1941, to the overhead ground wire be- 
tween towers 7,715 and 7,716, and be- 
tween towers 7,720 and 7,721. This is the 
section of line equipped with right-angle 
counterpoise and driven rods (section C). 
Subsequent inspection showed flash 
marks on all three insulator assemblies at 
tower 7,721, but there was no tripout on 
this date. Both strokes were «negative. 

The current collection for the right- 
angle counterpoise and driven rods is 
shown in Table XIV. 

The multiple resistance of the footings 
of the ten towers, 7,714 to 7,723 inclusive, 
from Table I is 76 ohms, and the mul- 
tiple resistance of the combined driven 
rods and tower footings is 0.976 ohm. 
From these figures the resistance of the 
driven rods alone is 0.99 ohm. The dis- 
tribution of current and the equivalent 
resistances are shown in Table XV. It 
will be noted that the driven rods carry 


Table XIV. Right-Angle Counterpoise and 
Driven-Rod Current, Strokes 5 and 6 


rent crests are not coincident. The cur- Rod Carent Sacks 4 aaa Pali os 
rents in the counterpoise in the ground > sh peak 5 (anions 
surface might rise to crest value more Saeeacaes Si wile Mas =F 
uickly than the currents in the ground z Pipe tees & Ae soe ap 
q My 
rods, which are draining a charge from Tower No.” “Amyperes, TowerNo. Amperes sgl eheg tae ra ale ee 1,000 
; 7 é 7,716 ty a ae 1,800 
low the surface, including the iii pik? ack se ees 3'200 
Bees gh 8 qd _Beyond 7,700. ..1,600...... Gh osemen 1,900 ea sa BOs 
ground charge extending well out beyon FrGOts 770%...  0...... 7701... 2'300 ; hae 
i i 7,701 to 7,702. ..1,100...... TOL eae 10,100 TAG e hs eee oe LO See eae ; 
Be pericce Countel Oise, Wires, : 7,702 to 7,703...2,300...... TT08) 3: . 17,800 W120 ee TES OM CR Re it 40,600 
It will be noted from Table xs that, in lar Ay: ee 7.100 ee Br aml e008 Be ee oe 
; ; : GOB spate 1,000 fe ns MSA IRS ; 
the towers near the lightning stroke, the a eon ele iaaees = Peete Sis 
driven-rod currents are much greater = oe i craERR er 
than the counterpoise currents, while at Ca Ob ap TS SORE SAO al al late sel 
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Table XV. Driven-Rod, Counterpoise, and 
Tower-Footing Current and Resistance, Strokes 


5 and 6 


= 


Current 
——__—_— Resist= 
Am- Per ance 
peres Cent (Ohms) 


Driven rods, <tc male mle 124,500... 81... 0 
Right-angle counterpoise.. 27,700... 18... 4. 
Tower footings.......... WG20 seremeleeresreiGss 


DOL ALR fates clelia a wieiere sxctetes 153,820... 100 


about 81 per cent of the current, as 
against 18 per cent for the right-angle 
counterpoise. 

No readable current was measured in 
buried probe conductors opposite towers 
7,715 and 7,721. In the right-angle coun- 
terpoise wire, extending toward the probe 
wire at tower 7,715, 6,400 amperes were 
measured at the magnet station adjacent 
to the tower. In the right-angle counter- 
poise wire, extending toward the probe 
wire from tower 7,721, currents of 800, 
3,600, and 5,800 amperes were read pro- 
gressively toward the tower. 


Voltage Gradient in Vicinity of 
Towers 


For the purpose of indicating the volt- 
age conditions in the vicinity of the tower 
during lightning strokes, a portion of the 
T-20 line was selected. This line runs 
between Croton and Grand Rapids, a dis- 
tance of approximately 39.2 miles. The 
line has four-legged double-circuit steel 
towers, with the conductors arranged 
vertically on one side of the tower only 
for 32 of the 39.2 miles. The conductors 
are 110,000-circular-mil copper, with 15.1- 
feet equivalent delta spacing. One over- 
head ground wire, consisting of three 
strands of number 8 Copperweld, is in- 
stalled at the peak. The line is insulated 
with ten disks, spaced 4°/, inches on 
suspension, and 12 units on dead ends. 
A section of this line from towers 4,387 
to 4,417 inclusive, 31 towers, was selected 
for this investigation. 

About two thirds of this test section 
traversed a sandy plain where tower-foot- 
ing resistance was very high, while the re- 
mainder passed over low ground composed 
of muck and sand where footing resist- 
ances were comparatively low. Ten con- 
secutive towers in the high-resistance sec- 
tion, 4,387 to 4,396 inclusive, were 
equipped with deep-driven rods to reduce 
the tower-footing resistance. In two cases 
there was one rod per tower, in five 
cases two rods per tower, and in three 
cases four rods per tower. The resistances 
of all the towers in the experimental sec- 
tion are given in Table II. 
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At one side of each tower, and about 
six feet from the tower legs, a probe rod 
was driven into the ground about five feet 
deep, and between the tower and the 
probe rod was introduced a lightning- 
stroke recorder.6 The purpose of this 
recorder was to measure the voltage drop 


. between the tower and the probe rod dur- 


ing lightning strokes. 

Each tower leg was equipped with a 
bracket, and after 1937 a bracket was in- 
stalled on the overhead ground wire on 
each side of each tower. Each deep- 
driven rod was also equipped with a 
bracket. In all cases each bracket was 
equipped with two magnetic links. 

Fight strokes occurred on the T-20 line 
during the period of this investigation 
(1936 to 1941 inclusive). Six strokes in 
which there was good correlation between 
the tower current and the potential be- 
tween tower and probe rod are sum- 
marized in Table XVI. 

The stroke on September 15, 1936 
(stroke 7) made contact with the over- 
head ground wire between towers 4,404 
and 4,405. Measurements were obtained 
at 31 towers extending from 4,387 to 
4,417 inclusive. At 29 towers, records 
were obtained on the lightning-stroke re- 
corders connected between the tower leg 
and the five-foot probe rod. These read- 
ings ranged from 5 to about 50 kv, the ex- 
ternal flashover value of the recorder. 
There were 3 cases of external flashover 
and 13 cases of film flashover. As a re- 
sult of this experience, capacitance divid- 
ers with ratios of 2 to 1 were installed at 
all tower probe-rod stations. 

On June 24, 1937, a stroke occurred to 
tower 4,408 (stroke 8). Records were ob- 
tained at 19 towers, 4,395 to 4,413 in- 
clusive. In 7 cases the lightning-stroke 
recorder flashed over. For the other 12 
cases, the readings ranged from 9 to 
about 100 kv, which was the flashover of 
the recorder and voltage-divider com- 


again to increase the voltage-divider rati( 
and a 6 to 1 ratio was installed. Thi: 
ratio proved sufficient, as no more flash 
overs were experienced. 

All the strokes of which there were gooc 
records were negative. Stroke 12 i: 
worthy of mention. This stroke (no 
listed in Table XVI) took place to the tox 
of tower 4,389. About 6,300 ampere: 
flowed upward in this tower, and a total o: 
6,300 amperes was measured in the twe 
deep-driven rods connected to this tower 
flowing upwards. In the adjacent towe: 
4,388, no current was measured, but it 
the second tower to the north, 4,387 
about 13,200 amperes flowed downwarc 
and 6,000 amperes was measured flowins 
downward in the single deep-driven roc 
connected to this tower. Currents fron 
the overhead ground wire flowed towarc 
the stroke from beyond tower 4,387 anc 
from beyond tower 4,391 to the south. 


Surge Resistance of Tower Footings 
Under Natural Lightning 
Conditions 


The potentials measured on the probe 
rods driven five feet deep at a distance 
six feet from the tower footings have beer 
correlated with the tower-structure cur. 
rents as shown in columns 4 and 6 of 
Table XVI. These tower-to-probe volt- 
age measurements of column 6 are less 
than true tower potential by the earth 
potential differences beyond the probe 
rods. An approximation of the relatior 
between measured tower-to-probe-rod 
voltage and actual tower potential is 
found as follows: 

The current from the earth to the 
tower footing is assumed to be distributed 
uniformly in the earth, its density being 
the same at identical distances from the 
tower footing and inversely proportional 
to the square of the distance from the 
footing. The earth’s resistance, being 


bination. It was therefore necessary proportional to cross section, also is de- 
Table XVI 
(8) 
(3) (5) (6) (7) Rs 
Rn (4) RnIt Vu VT Surge 
Tower-Foot It Tower Tower-to- Tower Resist- (9) 
(1) (2) ing Resist- Total Tower Potential Probe Potential ance Rs/Rwn 
Stroke Tower ance Current} (3)X (4) Potential (6)2.5 (7)/(4) (8)/(3) 
No. No. (Ohms) (Amperes) (Ky) (Ky) (Ky) (Ohms) Ratio 
ieee 4,394 35 Sea C000 ee. 2102 on ee 67.5 11 2 
eae aloes 15 3300. 2 A. 50 cae 19 50a. ae a os 
Genie doe nas 117001 S76 ae. 190 275 Diieaes 40.6...,.0.542 
Ka {4.4008 ie ue Too9 eee, 137002, 17,800.40... 280 eee 700, 51.0.....0.039 
LAD 4) ane rs: 6,400...... 170. 425 aren 62.5... ..0.066 
PENS oes exe ah ee GC cuO pee 230% .gem. 10. eee 1000 15.1.....0.432 
ith, oe )1895 S Vata se 16,000,008. S167 i70r enon 495 = 26.4.....0.517 
4,396 tte i LL000t ene Gl7 eee. 140. 350 eh ee 31.8... 08560 
13 ne Prk pag tes 13 sae 45,600...... 502,41, 209 eo BSG. wei 12.2.....0.939 


* Flashover all three phases. 


+ Total tower current (column 4) assumed 1.5 time 
member current. 
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en . 
ae the square of the distance from 
tower footing. Ae 

_The voltage gradient at ground points 
ering distances from the footing will 
versely as the square of the tower to 
point distance. The potential at a ground 
oint is the integrated voltage gradient 
und is therefore inversely proportional to 
stance. 

Accordingly, with an assumed tower- 
ase spread of 18 feet and a probe point 
6 feet farther out, the probe potential 
ill be to the tower potential as 9 is to 
15, or the tower potential will be 15/9 
times the probe potential. The tower po- 
tential less the measured tower-to-probe 
voltage will be the probe potential. 
Therefore, the measured tower-to-probe 
potential must be multiplied by 2.5 to 
ive tower potential. Values of true 
ower potential calculated on this basis 
are given in column 7. 

To show the relation between the surge 
esistance and the normal footing resist- 
ance, the values of column 9 were cal- 
ulated by dividing values in column 8 
by those in column 3. These figures show 
e surge resistance to range from some 
4 to 90 per cent of normal resistance 

values. These values are somewhat lower 
than those reported from artificial surge 
‘measurements.”® In this connection, 
however, it should be observed that the 
range of normal resistances, from 13 to 

1,300 ohms, is wider than is ordinarily in- 
vestigated, and the range of currents, 
6,000 to 45,000 amperes, is also very wide. 

In general in these measurements we are 
dealing with high resistances and large 
currents. 

The resistance ratio of column 9 was 
shown, by plotting, to decrease very defi- 
nitely with increasing currents and with 
increasing resistances. Accordingly, this 
ratio was plotted against a composite fac- 
tor the product of up-tower current and 
normal footing resistance shown in col- 
umn 5. In Figure 2 the ratio of surge re- 
sistance to normal resistance of column 9 
is plotted as ordinate against the product 
of current and normal footing resistance 


of column 5. The points, while somewhat 
scattered, nevertheless show very clearly 
the trend indicated by the solid line. 
This is borne out by plotting on log-log 
paper, which shows a relation between 
ratio and product as follows: 


2 eae ea 
Ry (RyI7p+80)%* 


in which Rs=surge resistance, Ry =nor- 
mal or megger tower-footing resistance, 
and J=total tower current. 

For practical purposes these curves 
might be utilized somewhat as follows: 
Assume that it is desired to evaluate the 
surge resistance of a certain tower under a 
lightning current of 10,000 amperes, 
where a normal tower-footing resistance 
of 100 ohms has been measured. The 
product of tower current and footing re- 
sistance is 1,000 X 103, which referred to 
the curve gives a ratio of 0.22. This ratio 
applied to the 100-ohms footing resist- 
ance gives a surge resistance of 22 ohms. 
The resultant tower potential would be 
220,000 volts, which is substantially below 
flashover. 

The flashover of this line is taken as 700 
kv on a 1.5x40-microsecond wave and on 
this basis it is interesting to examine 
actual field operating records as to insula- 
tor-assembly flashovers that might co- 
ordinate with the derived tower potential 
of column 7. Flashover occurred at tower 
4,400 for stroke 10, for which the derived 
tower potential is just 700 kv. All three 
phases flashed over. No other flashovers 
are correlated with tower-to-probe meas- 
urements for the records shown in this 
table. Accordingly, on the basis of this 
flashover it is indicated that the ratio be- 
tween true tower potential and measured 
tower-to-probe potential could not be 
lower than the 2.5 figure derived from the 
assumption outlined above. Also for 
tower 4,412, stroke 13, the tower poten- 
tial is 555 ky, as the last item in column 
7. In this case there was no flashover and 
the tower-to-probe potential was 222 kv. 
The ratio of 700 to 222 ky, or slightly over 
3 to 1, is therefore indicated as the upper 
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limit by these data. It is therefore con- 
cluded that the true ratio is between 2.5 
and 3 to 1 and the use of the curve for 
interpreting true surge resistances from 
tower currents and normal ground-resist- 


ance measurements is seen to be reason- 
able. 


Conclusions 


In field lightning research, the investi- 
gators are often disappointed at the few 
direct strokes in the experimental section, 
even after a period of several years. The 
present investigation is no exception. 
However, it is believed that the preceding 
analysis and the following conclusions 
represent a fair interpretation of the 
limited data available. It should be 
understood that the conclusions apply 
specifically to the conditions prevailing 
on this particular transmission line. 


1. Parallel continuous counterpoise wires 
and right-angle counterpoise wires of equal 
total length have approximately equal cur- 
rent-collecting ability. Direction of counter- 
poise apparently is not a governing factor, 
but only resistance to ground. In compari- 
son with the normal tower footings the 
counterpoise wires are very effective in 
picking up lightning current. 


2. In sandy high-resistance soil, rods 
driven deep enough to penetrate the clay 
or loam beneath the sand serve to reduce the 
tower-footing resistance from 500-1,400 
ohms to 7-25 ohms. These rods, in com- 
parison with counterpoise wires in the high- 
resistance surface soil, are much more ef- 
fective in picking up lightning current. 


3. There is some indication that the cur- 
rent pickup in the counterpoise wire near 
the ground surface and in the deep-driven 
rods is not coincident. Possibly the ground 
rod requires more time to discharge the sur- 
rounding earth on account of its deep pene- 
tration into the earth. 


4. Data seem to indicate that the ratio of 
surge tower-footing resistance to normal 
tower-footing resistance decreases definitely 
with increasing currents and with increasing 
resistances. For example, at 10,000 am- 
peres and 100 ohms the surge resistance de- 
creases to approximately 22 ohms. This 
may account for frequent failure to flash 
over when the product of current and normal 
resistance indicated that flashover should 
take place. 


5. The ratio of surge resistance to normal 
footing resistance is shown under natural 
lightning conditions to be as low as 0.04 for 
sandy soil, where normal resistance ranges 
up to 1,000 ohms or more and tower current 
up to approximately 50,000 amperes. 
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Precision Speed Control for World's 
Largest Induction Motor 


ROBERT R. LONGWELL 


NONMEMBER AIEE 


RECENT paper by Dickey, Kil- 

gore, and Laffoon described an in- 
stallation consisting of a 40,000-horse- 
power wound rotor induction motor and 
the necessary auxiliary equipment re- 
quired to provide for variable speed op- 
eration.! 

To meet the many requirements of con- 
trol, imposed by this application, it was 
necessary to devise new methods for in- 
suring smooth acceleration of auxiliaries 
and main motor, for limiting the change 
in power required from the supply system 
to a definite maximum value, to provide 
precision regulation of speed, as well as 

_ means for control for the main motor from 
either of two points. In addition, power- 
factor regulation and means for emer- 
gency quick stopping was _ provided. 
These and many other features were in- 
corporated in the automatic control, the 
functions of which are briefly outlined in 
the following paragraphs. 

In order that the auxiliary motor genera- 
tor sets and main motor may be supplied 
with adequate bearing lubrication and 
ventilation at all speeds, it is necessary 
to start the oil circulating pump and ven- 
tilating fans prior to placing those units 
in service. In addition, the seven-unit 
exciter set, which supplies d-c energy to 
the fields of the machines comprising the 
auxiliary motor-generator sets, must be 
started. After these preliminary opera- 
tions are complete, the starting indication 
is given the automatic control by manual 
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operation of the starting control switch 
which energizes the master relay. Start- 
ing and acceleration of the auxiliary 
motor-generator sets and connection of 
the main motor to the 6,900-volt bus is ac- 
complished in the following sequence: 


1. Closing of d-c machine field breakers. 


2. Closing of high-voltage breaker for con- 
stant speed motor-generator set, energizing 
motor through starting reactor. 


8. Closing of starting reactor short-circuit- 


ing breaker. 
4. Energizing of fields of a-c machines. 


5. Connection of speed matcher to bus and 
primary of main motor. 


6. Acceleration of variable speed motor- 
generator set under control of constant cur- 
rent régulator for d-c machine fields and 
master speed-control rheostat operated by 
speed matcher contacts. 


7. Energizing of voltage-balancing relay 
and automatic synchronizer. 


8. Closing of main motor primary breaker. 


At this point the main auxiliaries are 
operating at synchronous speed and the 
main motor is at rest but connected to 
the 6,900-volt three-phase bus. To start 
the main motor the operator, at one of 
the two suitably interlocked control 
points, turns the pointer on the speed- 
control dial to a definite speed position. 
Following that manual operation the 
automatic control completes the follow- 
ing operations: 


1. Starts rotor-lift oil pumps for main 
motor, 


2. Causes the variable speed set to slowly 
decrease in speed. 


3. Main motor begins to rotate and gradu- 
ally approach the desired speed. 


4. Acceleration stops amd main motor 
speed is maintained constant by means of 
the electronic speed regulator, controlled 
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from a pilot generator on main motor. This 
regulator provides energy for speed-regulat-_ 
ing field windings on d-c machines of con- 
stant speed motor-generator set. 


In stopping the main and auxiliary 
units, the automatic operations take 
place in the reverse order to those per- 
formed when starting. The same smooth 
operation is afforded, as in starting, with | 
power being fed back into the system as a 
means of decelerating the machines. 

All of the recent developments in 
switching equipment were employed to ~ 
provide utility, flexibility, and compact- 
ness of design. The 6,900-volt switch- 
gear is of the metal-clad type, using oil cir- 
cuit breakers having a suitable interrupt- 
ing capacity; all low-voltage circuits are 
protected with metal-enclosed air circuit 
breakers, and the main control switch- 
board is of duplex construction. In addi- 
tion to all those features, the latest inno- 
vation in relay construction was employed 
by the use of plug-in devices for both 
protection and automatic control. 


Starting of Auxiliaries 


All of the power and switching equip- 
ment, consisting of the following appara- 
tus, is located in the power building (Fig- 
ure 2). 


1. 40,000-horsepower main motor. 


2. 6,250-kva constant-speed motor-genera- 


SmLOTSEL, 


3. 38,000-horsepower variable-speed mo- 
tor-generator set. 


4, 400-horsepower seven-unit exciter set. 


5. 6,900-volt 
switchgear. 


metal-clad high-voltage 


6. 460-volt metal-enclosed switchgear. 


7. Seven-panel main duplex control switch- 
board. 


8. Ventilation blowers for main motor and 
each motor-generator set. 


9. Lubricating-oil circulating equipment. 


Apparatus for remote control of the main- 
motor speed and for emergency quick 
stopping is installed on a control desk in 
the control room of the test chamber, 
Figure 3. The test chamber is an in- 
tegral part of the wind tunnel. 

If it is assumed that test operations are 
to be conducted, the first requirement is 
that the operator in the power building 
start all equipment necessary for supply- 
ing energy to the wind tunnel. This op-. 
eration is initiated from the main control 
switchboard by first starting the exciter 
set, the ventilating fans, and lubricating 
equipment by remote manual push-but- 
ton control. When these auxiliaries are 
in service, the main auxiliaries may be 
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Figure 1. Schematic connection diagram for 
40,000-horsepower motor and auxiliaries 


started by means of a control switch on 
the main control switchboard. This 
switch energizes the master relay of the 
automatic control and all further starting 
operations are accomplished under the 
supervision of that equipment. 


Starting of Constant-Speed 
Motor-Generator Set 


The constant-speed motor-generator set 
consists of a 6,250-kva a-c machine and 
two 2,500-kw 750-volt d-c machines. 
During the starting operation of both 
main auxiliary sets, the a-c machine 
functions as a synchronous motor, and 
the d-c machines as generators. After the 
40,000-horsepower motor is in service, the 
d-c machines operate as motors driving 
the a-c machine as a synchronous genera- 
tor supplying power to the a-c system. 
Because of the dual function of these ma- 
chines and to avoid confusion, they are 
referred to simply as a-c and d-c machines 
rather than as motors or generators. 

Each operation, in the starting scheme, 
follows a planned automatic sequence 
which insures correct and positive func- 
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tioning of the equipment being controlled. 
Following energizing of the master relay, 
the automatic control closes the field 
breakers for the fields of the d-c machines 
of both main auxiliary sets. Completion 
of this operation, as indicated by inter- 
locks on the field breakers and a contact 
on the field relay for the d-c machines of 
the variable-speed set, the a-c machine 
of the constant-speed set is connected to 
the 6,900-volt bus through a starting re- 
actor. 

During the time that the constant- 
speed motor-generator set is accelerating, 
excitation on the exciter for the d-c ma- 
chines of this set is held at zero. After 
sufficient time has elapsed for the set to 
reach approximately synchronous speed, 
a reactor short-circuiting breaker is closed 
connecting the a-c machine directly to the 
bus. This operation is followed by appli- 
cation of field energy, and the motor- 
generator set then pulls into synchronism 
and is ready to assume the load required 
for starting the variable-speed unit. 


Master Speed-Control Rheostat 


Because of the necessity for simul- 
taneous control of all d-c-machine fields 
when initiating speed changes, it was 
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necessary to combine all field rheostats 
in a motor-driven master speed-control 
assembly. This master rheostat is com- 
prised not only of rheostats for exciter 
field control, but rheostats for recali- 
brating the Silverstat constant current 
regulators used in the fields of the d-c ma- 
chines of the main auxiliary sets. In 
order to assure correct commutation on 
the d-c machines of the variable-speed set 
at all loads, shunt rheostats connected 
across those commutating fields are in- 
cluded in the master assembly. Also, this 
assembly contains a recalibrating rheo- 
stat for the electronic speed regulator, 
as well as one for controlling the field 
current to the driving motor of the master 
speed-control rheostat. This latter rheo- 
stat is used to provide for slow operation 
of the entire assembly when the variable- 
speed set or main motor is being acceler- 
ated, or decelerated, thereby assuring a 
slow and uniform change in power on the 
system. 


Starting of Variable-Speed 
Motor-Generator Set 


The variable-speed motor-generator 


set consists of a 38,000-horsepower syn- 
chronous machine and two 4,000-horse- 
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breaker, and these devices are automati- _ 
cally removed from the circuit. However, 
a power-factor regulator takes over con- 
trol of the excitation of the a-c machine 


Figure 2. . Automatic-control 
switchboard ‘‘S'’, main motor 
“C'' variable-speed set “D"’, 
and constant-speed set ‘'B” 


power 750-volt d-c machines. The a-c ma- 
chine is designed for a stator current of 
approximately 5,000 amperes at 5.5 cycles 
frequency when operating at approxi- 
mately 48 rpm. This machine will also 
operate at a stator voltage of 4,800 volts at 
60 cycles frequency and when rotating at 
514rpm. During the starting period the 
a-c machine operates as a synchronous 
generator supplying exciting current to 
the windings of the 40,000-horsepower 
main-motor rotor to which it ‘s connected. 
When the main motor is in service, the 
a-c machine of the variable-speed set func- 
tions as a synchronous motor driven by 
the power generated in the rotor of the 
main motor—due to the slip frequency 
when the motor is rotating at other than 
synchronous speed. When the variable- 
speed set is being started, the d-c ma- 
chines act as motors driven by energy 
from the d-c machines on the constant- 
speed set. After the main motor is in 
operation, these same d-c machines func- 
tion as generators, driven mechanically 
by the a-c machine, and supply power to 
drive the constant-speed motor-generator 
set which feeds power into the a-c system. 
Had the conventional means of speed 
control been used, this power would have 
been dissipated as heat and been lost. 
During the starting operation of the 
variable-speed set, the master speed-con- 
trol rheostat is under control of a bal- 
anced torque-type speed matcher. The 
elements of the speed matcher are con- 
nected to potential transformers on either 
side of the open contacts of the main- 
motor primary breaker. Initially with 
the variable-speed set at rest, there is no 
voltage on the stator or primary terminals 
of the main motor, and the speed-matcher 
element connected to the bus side of the 
breaker operates to close a contact to 
cause the master speed-control rheostat 
to operate. The rheostat will function to 
permit excitation of the fields of the d-c 
machines of the constant-speed set, and 
those machines will deliver energy to 
the d-c machines on the variable-speed 
set. As this set begins to rotate, the a-c 
machine will generate a voltage and fre- 
quency proportional to the speed. An 
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equivalent voltage at equal frequency will 
appear on the stator terminals of the main 
motor, due to the transformer action of 
the motor windings. ‘ So long as the fre- 
quency of the voltage on the motor term1- 
nals is below that of the voltage on the 
bus, the speed matcher, operating through 
the speed-control rheostat, will cause the 


Figure 3. Remote-control desk ‘‘E”’ 


variable-speed set to accelerate. Accelera- 
tion is accomplished first, by increasing 
the field strength on the d-c machines of 
the constant-speed set to a maximum and, 
finally, by decreasing the field current in 
the d-c machines of the variable-speed 
set until synchronous speed is reached. 


Connection of Main, 40,000- 
Horsepower Motor to Bus 


In order that power drawn from the 
power-supply system may be a minimum 
when the main motor is connected to the 
bus, the voltage on the stator windings 
is synchronized with the bus voltage be- 
fore the oil circuit breaker is closed. This 
synchronizing operation is accomplished 
by means of an electronic-type automatic 
synchronizer operating in conjunction 
with the speed matcher and a voltage- 
balancing relay. At the instant that syn- 
chronism is accomplished, the oil circuit 
breaker is closed automatically. 

All operations of the speed matcher, 
synchronizer, and voltage-balancing relay 
cease with closing of the main-motor 
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of the variable-speed set, and through op- 
eration of a motor-operated shunt field 
rheostat functions to maintain practically 
unit power factor during the time the main 
motor is connected to the bus. Except 
for power-factor control the automatic 
equipment performs no further opera- 
tions until the indication is given manu- 
ally to start the main motor. Both 
auxiliary motor-generator sets continue 
to rotate at synchronous speed, since no 
device is yet in operation to change the 
position of the master speed-control 
rheostat, and the main motor remains at 
rest while the frequency of the rotor volt- 
age is in synchronism with that applied 
to the stator. 


Starting of Main Motor 


Normally, control of the main motor 
speed is the duty of the operator in the 
test chamber, and for this reason, a speed- 
control dial, Figure 4, equipped with con- 
tacts and a synchro-tie motor, is mounted 
on the test-chamber control desk. A 
similar dial is located on the main switch- 
board, but it may be assumed that speed 
control from that point will be an emer- 
gency operation in the event that a fault 
occurs in the control cable between the 
power building and the test chamber. 
Control assignment switches are located 


Figure 4. Speed-control dial, contact mecha- 
nism, and Synchro-tie 


beside each control dial for the purpose of 
assigning control to either, but not both, 
locations. Assignment of the point of 
control is accomplished by both assign- 
ment switches being in agreement, and, 
after once being assigned, cannot be 
changed by either one of the operators 
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of in indicating lamp signals, coupled 

with the: assignment switches, indicate the 
bint to which the control has been as- 

signed, and also indicate when the assign- 

ment switches are not in agreement. 


_ With the main motor connected to the 
at but at rest, the operator to whom 
control is assigned may cause the motor 
to start and assume a certain definite 
speed by merely turning the knob on the 
control dial until the pointer reaches the 
desired speed position. It is well to note 
that the automatic control is provided 
with a position indicating relay, so that 
if the speed-control dial is not at the zero 
speed position when the main motor is 
connected to the bus, it will be necessary 
for the operator to return the pointer to 
zero and then to the desired speed set- 
ting before the motor will start. This in- 
sures that the motor will remain at reset 
after being connected to the bus during 
the starting operation, even though the 
control dial is at other than the zero speed 
position. Movement of the pointer off 
| the ‘‘zero’’ speed position will cause the 
_ starting of rotor-lift oil pumps which will 
raise the main-motor rotor off the bear- 
) ings, and when this is accomplished, the 
speed control equipment will operate to 
_ start the motor. 
Acceleration of the main motor is ac- 
- complished by gradually slowing down 
_ the variable-speed set by first strengthen- 
ing the field of the d-c machines on that 
set, and, as the speed decreases, by weak- 
ening the fields of the d-c machines on the 
constant-speed set. These field changes 
are accomplished by means of the master 
speed-control rheostat. This rheostat is 
equipped with a synchro-tie motor which 
is coupled electrically to a similar motor 
on the speed-control dial mechanism. 
When rheostat and dial mechanism are in 
the same relative position, with respect 
to main-motor speed setting, contacts on 
the dial mechanism are closed, short-cir- 
cuiting the operating coils of the polar- 
ized ‘‘raise-lower”’ relay which is a part 
of the speed-control apparatus. Meving 
the dial mechanism to some fixed speed 
position opens these contacts, and the 
polarized control relay operates to cause 
the master rheostat to operate in a direc- 
tion which will increase or decrease the 
main-motor speed, depending upon which 
way the dial pointer is turned. As the 
rheostat moves to accomplish the desired 
speed change, the synchro-tie moves a 
contact on the dial mechanism. When 
the rheostat reaches the position which 
will cause the motor to operate at the new 
speed setting, the control contacts will 
again close, and the rheostat will stop. 
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Control of Motor Speed 


After the master speed-control rheo- 
stat comes to rest, the control for con- 
stant speed of the main motor is taken 
over by an electronic speed regulator 
which receives control energy from a pilot 
generator geared to the motor shaft. 
This speed regulator is recalibrated for 
any new speed setting by means of a rheo- 
stat on the master speed-control rheostat 
assembly. The regulator energizes the 
field of a small 1.5 kw speed-control ex- 
citer which supplies energy to field wind- 
ings on the constant-speed machine. By 
increasing or decreasing the shunt field 
Strength of this machine, the speed of 
the main motor is held constant by vary- 
ing the torque through control of the 
power taken from the rotor and fed back 
into the a-c system. 

By varying the speed of the speed- 
control rheostat automatically, smooth 
acceleration and deceleration of the main 
motor is possible. Also, by this means, 
the amount of power drawn from the bus 
during acceleration may be held to a 
steadily increasing value not exceeding a 
fixed increase per minute at any point on 
the speed range between 0 and 295 rpm. 
When the desired speed is reached, the 
electronic regulator maintains that speed 
constant within a range of 0.5 per cent for 
speeds from 37.5 rpm to 150 rpm and 0.3 
per cent between 150 and 295 rpm. 


Stopping of Main Motor and 
Motor-Generator Sets 


The normal method for stopping the 
main motor and auxiliaries is first to re- 
duce the main-motor speed to zero, then 
trip the motor breaker by turning the 
“start-stop”’ control switch to the “‘stop”’ 
position. Tripping of this breaker will 
disconnect the motor from the bus, and 
the automatic control will operate to 
decelerate the variable-speed set and 
cause it to come to rest. When this set is 
at rest, the high-voltage breaker for the 
power supply to the constant speed a-c 
machine will be tripped, and all auto- 
matic equipment will assume a normally 
de-energized position in readiness to again 
start the units at the will of the operator. 


Emergency Quick Stopping 


Means is provided for rapid decelera- 
tion of the main motor in case of emer- 
gency and, under such conditions, the 
motor is decelerated at the most rapid 
possible rate permitted by the power 
company. Rapid deceleration will cause 
power to be fed into the power company’s 
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system by regeneration through the main 
auxiliary motor-generator sets. Means is 
also provided for emergency shutdown 
and disconnection of all units from the 
bus should the necessity arise. Under 
this condition, all high-voltage and field 
circuit breakers are tripped simultane- 
ously, and the main motor and motor- 
generator sets drift to standstill with fric- 
tion and windage losses being the only 
decelerating forces. 


Protective Devices 


A complete complement of protective 
relays is provided with the automatic 
control. Those devices which prevent 
starting or operate an annunciator and 
sound an alarm are as follows: 

1. Failure of bearing oil flow. 

2. Failure of ventilation air. 

3. Low lubricating oil pressure. 
4 


Low a-c voltage. 


Those devices which merely annunciate 
and sound an alarm are: 


1. High machine winding temperature; all 
machines. 

2. High lubricating oil temperature. 

3. Low lubricating oil temperature. 

4. High bearing temperature. 

5. Basement air temperature. 


Low lubricating oil level. 


for) 


7. Ground on auxiliary power circuits. 


Devices which operate a lockout relay, 
drop an annunciator, sound an alarm, and 
cause all machines to be immediately 
removed from service are: 


1. Overspeeding of either main auxiliary 
motor-generator set. 


2. Unbalanced phase current on constant- 
speed a-c machine or main motor. 


3. Differential protection on 
speed a-c machine or main motor. 


constant 


4. A-c overcurrent in constant speed a-c 
machine or main motor. 


5. Low a-c voltage on the bus. 

6. Failure of unit to complete automatic 
starting sequence. 

7. Overcurrent on d-c machines of main 
auxiliaries. 

8. Short circuit on d-c machines of main 
auxiliaries. 

9. Manual operation of emergency stop- 
ping switch. 

The more serious of these faults, as indi- 
cated, cause immediate disconnection of 
the units from the bus while others merely 
sound an alarm and warn the operator 
that continued operation is undesirable, 
at which time provisions can be made to 
complete the test in as short a time as 
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Electrical Features of Design and Opera- 
tion of the Plantation Pipe Line 
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LANTATION Pipe Line Company’s 

new 1,254-mile pipe line system is 
the largest ever built for the handling of 
refined petroleum products and is the larg- 
est all-electric-powered pipe line in exist- 
ence. First full-length delivery was 
made early in February 1942, and im- 
mediately the line became an important 
factor in the transportation of gasoline 
and fuel oils to a large area in the south- 
eastern states. Compared to the usual 
pipe line, this system operates under 
highly exacting conditions, and in its 
design the electrical and associated con- 
trol features are of prime importance. 
The major electrification problems were: 


1. To design for economical future increase 
in line capacity. 

2. To provide flexibility in operation to 
meet varied schedule requirements. 
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3. To co-ordinate pumps, motors, and con- 
trol, so as to accomplish the starting of units 
reliably and with reasonable demand on the 


station power service. 


4. To design stations for safe handling of 
petroleum products. 


5. To develop a station control system, 
co-ordinating the electric and hydraulic- 
control devices and meeting the require- 
ments of single-attendant operation. 


General Conditions of Operation 


The statements made in this report re- 
garding the capacities, pressures, and 
horsepowers, both for present operation 
and future installation possibilities, do not 
necessarily represent actual conditions, 
but do indicate the general principles in- 
volved. 

The system comprises an unloading 
dock at the supply terminal with a short 
line of four parallel 12-inch pipes to a 
storage tank farm and the initial station 
of the pipe line proper, a section of 12- 
inch line, followed by a section of 10-inch 
line extending to the delivery terminal. 
Four branch lines serve areas to the north 
and south of the main line. The tankage 
at the supply terminal main line station is 
used to store incoming shipments, and to 
make up pipe-line shipments (known as 
tenders) according to the system schedule. 


Smaller storage facilities are located at 
the branch line origins. 

Approximately 30 delivery terminals 
are situated at various points along the 
system, each with facilities for handling 
several products. The handling of mul- 
tiple products to 30 delivery points creates 
a scheduling and dispatching problem 
probably far more complex than on any 
existing line. 

The capacity of the line as initially 
equipped is 60,000 barrels per day of 
gasoline through the 12-inch section and ~ 
42,000 barrels per day through the 10- 
inch section. This requires two 600- 
horsepower motor-driven main-line 
pumps for each of the seven stations on 
the 12-inch line, and two 450-horsepower 
units in each of the seven stations on the 
10-inch line. Each of three branch lines 
is served by a single 150-horsepower unit. 
A 450-horsepower unit is required at the 
origin of the fourth branch line, plus an 
additional booster station requiring a 
single 450-horsepower unit. The unload- 
ing station at the supply terminal dock 
contains five 600-horsepower units, pro- 
viding ample capacity for rapidly unload- 
ing two tankerssimultaneously. The ini- 
tial mainline station at the supply ter- 
minal tank farm contains a complete spare 
pump unit to insure the availability of 
two units at all times. The system com- 
prises 16 stations with a total of 39 cen- 
trifugal pumping units exclusive of tank- 
age pumps and auxiliary pumps. 


Provisions for Future Increase in 
Capacity 


The present installation is designed as 
a long-term project to cover the commer- 


possible. All of the above protective 
features may be incorporated in the con- 
trol of different types of machines but, 
never before, have all been included in 
the protection of a single assembly of ma- 
chines. 


Switchgear 


The high-voltage metal-clad switch- 
gear is equipped with lift-type oil circuit 
breakers which may be easily removed for 
inspection and service. Low-voltage 
metal-enclosed switchgear makes use of 
drawout-type air circuit breakers of suit- 
able interrupting capacity for the circuits 
involved. The control switchboard is of 
the duplex type with meters and control 
switches on the front panels and all auto- 
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matic and protective relays on the rear 
panels. Meters are semiflush, and all re- 
lays are semiflush of the plug-in type, 
equipped with stab contacts which per- 
mit easy removal from the panel for in- 
spection and calibration. The entire 
assembly is easily accessible for mainte- 
nance and service, and all parts are of 
most advanced design with formed steel 
switchboard panels assembled in a com- 
plete self-supporting structure. 


Conclusion 


The automatic control provides reliable 
means, by use of proved apparatus, for 
performing all of the necessary starting, 
stopping, speed control, and protective 
functions for equipment of the type and 
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size employed. The various switchgear 
assemblies are compact and well adapted 
to the service. 

Many new switching problems were en- 
countered in designing the complete con- 
trol, and their solution opens up new fields 
of application to other apparatus. In 
addition, different types of standard 
equipment were employed to provide a 
complete and modern design which can 
be easily duplicated and one in which 
spare or renewal parts are readily obtain- 
able. 
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Figure 1. 


See 


Pump room of typical main-line 
station on Plantation Pipe Line system 


cial needs of the territory served and to 
operate economically on that basis. At 
the same time provision is made for pos- 
sible future operation at increased capa- 


city. 


The maximum pressure at which the 
line will be operated is approximately 900 
pounds per square inch in the 12-inch sec- 
tion and 975 pounds per square inch in the 
remaining sections. These values are de- 
termined by the allowable unit stress in 
the pipe walls, which in turn is a matter 
of economics in the design of the line. It 
is necessary in centrifugal pump opera- 
tion that positive suction pressure be 
maintained at each pump, and if the mini- 
mum allowable suction pressure at the 
initial pump is established as, say, 40 
pounds per square inch, then with a maxi- 


mum allowable station discharge pressure 


of 900 pounds per square inch, the pres- 
sure increment introduced into the line 
at any station is 860 pounds per square 
inch, plus the pressure loss through the 
station piping. The stations are so 
spaced, then, that the pressure drop be- 
tween stations due to fluid friction at 
rated line throughput, plus the static pres- 
sure differential totals approximately 860 
pounds per square inch. Between the 
discharge of one station and the suction 
of the next, with uniform pipe, there is a 


uniform decrease in the component of 
total pressure due to line friction, this 
pressure drop being directly proportional 
to the distance from the upstream sta- 
tion. Referring to Figure 2, which repre- 
sents a level section of 12-inch line, SA 
represents the suction pressure at initial 
station A, DA the discharge pressure at 
this station, and line DA-SB the pressure 
gradient along some 60 miles of line from 
station A to station B, for a flow rate of 
60,000 barrels of gasoline per day. This 
is the flow that can be carried by the line 
under the conditions prescribed. If sta- 
tion B is at an elevation higher than sta- 
tion A, the distance between stations must 
be decreased by an amount that will re- 
duce the friction drop sufficiently to pro- 
vide the pressure differential necessary 
to balance the positive static head, and if 
station B is lower than station A, the dis- 
tance between them will be increased to 
compensate for the negative static head. 

To increase the capacity of the line 
without exceeding the maximum allowa- 
ble working pressure, a second series of 
intermediate pressure increments may be 
added, one of which is represented by in- 
termediate station M. If this station is 
placed at the hydraulic mid-point be- 
tween stations A and B, the same 
pressure increment may be introduced 
at station M as at station A. The flow 
rate then will increase to a value such 
that the pressure drop between stations 
M and B will be the same as existed be- 
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tween stations A and B before adding 
the pressure increment at M. For the line 
in question this flow rate for gasoline 
is calculated at approximately 90,000 
barrels per day. 

When this higher flow rate is estab- 
lished, obviously the horsepower input 
per station must be increased in both the 
initial and added stations. Whereas the 
initial stations are equipped with two 
600-horsepower units for 60,000 barrels 
per day throughput, operation at 90,000 
barrels per day will require two 900-horse- 
power units in all stations. 

All stations on the main line are ar- 
ranged for future change-over to higher 
capacity by initially installing pumps of 
such design that new impellers can be 
readily substituted, and motors designed 
for ultimate operation at the increased 
horsepower. These motors are of the 
totally enclosed fan-cooled type, and in 
order to secure efficient operation of the 
12-inch line motors at 600 horsepower, 
they are equipped initially with a venti- 
lating fan designed to deliver only the 
amount of ventilating air required by the 
motor operating at this capacity; when 
the change-over to 900 horsepower is 
made, no electrical or mechanical changes 
are involved except replacement of this 
one fan on the front shaft extension. 
Similarly, on the 10-inch section of the 
line, motors of ultimate 600 horsepower 
capacity are installed with initial fan 
capacity for operation at 450 horsepower. 
The motor-control and power-supply’ 
equipment in all the main-line booster 
stations are designed for operation at the 
ultimate ratings. 


Operating Flexibility 


All motors 75 horsepower and above are 
2,300 volt. All motors above 150 horse- 
power are 3,600 rpm. All motors 450 
horsepower and above are mechanically 
interchangeable, simplifying the problem 
of spare equipment, because a spare 
motor of 600/900-horsepower design can 
be installed on any line pump unit in the 
system except the 150-horsepower branch- 
line units. This feature also provides 
maximum utility of the equipment under 
unpredictable future alterations, due to 
changed operating conditions. 

While the line is designed for a certain 
rated capacity, consideration must be 
given also to its flexible and economical 
operation at reduced throughputs. Con- 
trary to practice on lines handling one unt- 
form type of tender, the throughput of 
this line must be held above a certain 
minimum rate, to prevent excessive con- 
adjoining tenders 


tamination between 
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passing through the line. Between this 
rate and the full capacity of the line it is 
desirable, from the standpoint of power 
consumption, to operate at a rate as low 
as will suffice to meet the transportation 
schedules. 

Motors of the constant-speed type are 
preferred because of their simplicity and 
their adaptability to construction suitable 
for hazardous atmospheres. Installation 
of two units per station, operated at con- 
stant speed, with the pumps connected 
in series, provides the required degree of 
flexibility. With this arrangement, and 
with all stations along the line having 
piping installed to permit by-passing any 
unused unit or station, changes in 
throughput in steps of a few per cent can 
be made by operating 2, 1, or 0 units in 
properly selected stations. 


Motor-Starting Conditions 


With the station locations determined 
solely by the hydraulics of the line and, 
therefore, without regard to existing 
power facilities, it was necessary to con- 
sider carefully the method of starting the 
units, from the standpoint of voltage con- 
ditions on the electric service. 

Most stations contain two main pumps 
comprising 95 per cent of the station load. 
From the standpoint of starting condi- 
tions the 12-inch line motors are 900 horse- 
power, and the 10-inch line motors 600 
horsepower. The motors are of low- 
starting torque design in order to minimize 
rotor resistance and attain high operating 


3500 


efficiency, important in view of the high 
load factor at which the system will 
operate. To minimize current peaks dur- 
ing starting, motor starters for all units 450 
horsepower and above are of the auto- 
transformer type, with closed-circuit 
transition. During the brief interval 
when the motor is transferred to full volt- 
age with its terminals still connected to 
the starting tap, a reactor is inserted be- 
tween the autotransformer tap and the 
motor to limit the current in the auto- 
transformer circuit. By suitable control 
this reactor also provides an additional 
reduced-voltage starting step when power 
is first applied to the motor. 

During starting, the discharge valve 
of the centrifugal pump is closed which 
minimizes the required motor torque. 
After the unit is up to speed the discharge 


valve is opened slowly so that the change | 


in direction of flow through the station 
piping will be gradual, for well-known hy- 
draulic reasons. Speed-torque curves 
for the pump with closed discharge, and 
for the motor with various applied volt- 
ages, are shownin Figure 3. These curves 
apply to the 12-inch line pumps when 
equipped with impellers for 900-horse- 
power operation, representing the most 
difficult conditions that must be met. 
The speed-torque requirements of the 
pumps are shown as a band curve, the 
upper limit applying to the pump when 
operating on fuel oil of specific gravity 
0.83 and the lower limit for gasoline of 
0.73 specific gravity. 

Motor speed-torque curves and line 
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Figure 3. Starting character- 
istics of motor-driven pump on 


12-inch line 
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A—Speed-torque for pump 
starting with closed discharge 


B—Speed-torque for motor 
starting on 100 per cent voltage 
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D—Speed-torque for motor 
starting on 80 per cent voltage 
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E—Speed-line current for 
motor starting on 80 per cent 


voltage autotransformer tap 


F—Speed-torque for motor 


200 
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G—Speed-line current for 

motor starting on 80 per cent 

voltage autotransformer tap 
with series reactor 
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current-torque curves are shown for full 
voltage, also for 80 per cent voltage ap- 
plied by autotransformer. Also shown 
are speed-current curves for three-step 
starting with the reactor initially con- 
nected between the autotransformer tap 
and the motor. With the reactor in cir- 
cuit approximately 85 per cent of the tap 
voltage appears at the motor terminals 
during the first portion of the initial start- 
ing step. 

During starting, the voltage actually 
applied to the motor terminals should be 
of sufficient value to enable the motor to 
develop the torque necessary to reliably 
accelerate the unit to a speed above pull- 
out on the starting tap; when this speed 
is exceeded, the current decreases rapidly, 
and transfer to full voltage can be made 
on a low-current portion of the motor 
current-torque curve. Acceleration oc- 
curs directly as the excess of motor 
torque beyond pump input torque and in- 
versely as the total inertia of the unit. 
Starting must be accomplished within a 
reasonable time, a limit in the order of 30 
seconds being established as desirable by 
considerations of heating of the fluid 
within the pump casing. To perform the 
accelerating duty within this time limit 
it is found that the speed-torque curve of 
the motor when operating from the 
autotransformer tap should not fall below 
the curve corresponding to an applied 
voltage of about 1,630 volts. This means, 
when accelerating with the motor on tap 
giving a voltage of 80 per cent of line volt- 
age, and with the reactor shunted, the 
voltage supply to high-voltage side of the 
starting autotransformer must be not less 
than: 


1,630 volts +0.80 =2,038 volts, or 88.6 per 
cent of normal 2,300 
volts 


Using a starting tap giving 85 per cent of 
line voltage, the voltage supply to the 
starting equipment must be not less than: 


1,630 volts +0.85=1,918 volts or 83.4 per 
cent of normal 2,300 
volts 


To accommodate both present and 
future pump requirements, as well as varia- 
tions in voltage conditions encountered 
at the several stations, the starters for the 
600/900-horsepower motors were equipped 
with autotransformers having taps to _ 
deliver, under starting load, 80, 85, or 
90 per cent of line voltage. In the first 
portion of the initial starting step, when 
the reactor is inserted into the tap cir- 
cuit, the voltage at the motor terminals 
for these three tap connections is respec- 
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, about 68, 72, or 76 per cent of nor- 


Safety problems introduced by the 
handling of petroleum hydrocarbon prod- 
ucts of volatile and inflammable nature 
required special consideration throughout 
the design of the stations. 
The areas subject to the occurrence of 
hazardous atmospheres (class J, group D 
as defined in the National Electrical Code) 
are the pump room and adjoining piping 
platform. The pump room contains the 
pumps with associated valves, hydraulic 
control devices, and piping. On the pip- 
ing platform are situated the incoming 
and outgoing line piping and all necessary 
BP ation and auxiliary piping with asso- 
ciated scraper traps, strainers, filters, 
_valves, a sump tank with motor-driven 
pump for its service, and in many sta- 
_tions pressure-reducing valves and fluid 
meter and meter calibration facilities for 
delivery of product from the line to the 
_ distribution terminals. 
The pump room is ventilated by a flow 
_of incoming fresh air through glass-wool 
filters below the windows in the front wall 
of the station and directly opposite the 
motor air intakes. This air is forced 
through the motors by the motor blowers 
and discharged toward the rear wall of 
the pump room. In the rear wall just 
below the ceiling are mounted one or 
more motor-driven exhaust fans which 
discharge the air from the pump room and 
onto the piping platform. The piping 
platform is open on three sides with a 
flat roof for weather shelter, a construc- 
tion affording maximum natural ventila- 
tion. The piping platform and pump 
room are at ground level, and in their de- 
sign trenches and other depressions favor- 
able to accumulating hydrocarbon vapors 
were avoided. 
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All electric motors, control, signal de- 
vices, motor-operated valves, lighting 
fixtures, and wiring installation in this 
area are specifically designed for service 
in class J group D hazardous atmospheres. 

The 600/900-horsepower motors on the 
12-inch line pumps are believed to be the 
largest, explosion-resisting motors ever 
built. Attainment of this rating in a rela- 
tively compact construction—an impor- 
tant consideration in explosion-resisting 
design—is accomplished by the circula- 
tion of large volumes of cooling air 
through the motor frame and by the use 
of class B insulation with the motor rat- 
ing based on 75 degrees centigrade rise. 
All main-line pump motors have sleeve 
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Figure 5. Outdoor substation for pumping 
station serving main and two branch lines 


44- to 9.3-kv transformer bank consists of 
three 833-kva units. At right is the outdoor 
breaker controlling the 2,300-volt under- 
ground circuit to the pumping station bus. 
Structure at right mounts transformers for 
lighting, outside auxiliaries, and metering, as 
well as low-voltage breakers for lighting and 
outside auxiliary circuits 


bearings, oil-ring lubricated and cooled by 
air blast from the motor ventilating fan. 
These bearings require no oil circulating 
system; consequently each motor is an 
entirely self-contained unit without ex- 
ternal accessories. 

Control apparatus is of dead-front 
construction. With appropriate meas- 
ures taken for safety, experience in prod- 
ucts pipe-line operation indicates that 
provision of a nonhazardous location and 
installation therein of switchgear and con- 
trol apparatus of open design are prefer- 
able to the use of special forms of switch- 
gear and control in explosion-resisting or 
oil-immersed enclosures designed for class. 
I group D location. This is true from both 
cost and operating standpoints. The im- 
portance of accessibility hardly can be 
overemphasized; since the several sta- 
tions on a pipe line operate in series and 
interdependently, it is imperative that 
during operation of the line any inspec- 
tion and maintenance work on electrical 
equipment be performed without shut- 
down or in emergency with the very 
minimum of shutdown time. 

Nonhazardous conditions are main- 
tained in all parts of the pumping station 
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Figure 6. General view of pump room showing 

two main-line pumps (left) and branch-line 

pump (right) driven by 450/600-horsepower 
explosion-resisting motors 


building, except the pump room and pip- 
ing platform. The nonhazardous portion 
of the building, designated as the operat- 
ing section, has a floor level about three 
feet higher than the pump-room floor and 
is completely separated by wall from the 
pump room and piping platform. No 
direct connection is provided between 
these areas, it being necessary to pass 
through outside entrances in going from 
one to the other. The atmosphere in the 
operating section is maintained in safe 
condition by outside air drawn into the 
building at the end opposite the pump 
room, maintained at a pressure a few 
inches above the outside air and above 
the atmosphere in the pump room. This 
insures that any air seepage through the 
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wall, separating the operation section 
from the pump room or piping platform, 
will be in the direction to prevent entrance 
of hazardous atmosphere to the operating 
section. 

The operating section of the station 
comprises a control room, switchgear 
room, ventilating and auxiliary room, 
lavatory, and in three of the stations a 
division superintendent’s office. 

The wall between the control room and 
the pump room consists of a vapor-tight, 
wire-glassed observation window. Into 
the center section of this window is sealed 
a vapor-tight steel gauge board, on which 
are mounted hydraulic recording and 
control devices and indicating pressure 
gauges as will be discussed later. These 
devices are gasketed to prevent passage of 
vapor through the mounting openings. 

To provide for safely shutting down the 
station in case the control room should 
become hazardous due to an equipment 


Figure 7. Control desk set into 

vaportight wire-glassed parti- 

tion, through which the pump 
room is clearly visible 


Hyde, Britton—Plantation Pipe Line 


failure, an explosion-resisting “‘emer- 
gency”’ pushbutton is mounted on the con- 
trol desk contiguous to the gauge board. 
By pushing this button the attendant will 
trip the circuit breaker at the origin of the 
incoming power feeder. 

This breaker, normally controlled from 
the incoming line panel in the station, is 
located at the transformer substation ap- 
proximately 300 feet from the pumping 
station. From the outdoor breaker, an 
underground circuit runs to a 2,300-volt 
bus in the switchgear room, which in turn 
feeds the main pump starters as well as a 
2,300-to-460-volt transformer bank serv- 
ing all the station auxiliaries. Energy for 
the control circuits of the motor starters 
and for signal lights and alarms is furnished 
at 230 volts through a transformer from 
the station auxiliary supply. A single- 
phase transformer connected to the 2,300- 
volt service ahead of the station power 
breaker supplies station lighting and out- 
door lighting at 115/230 volts through 
separate low-voltage outdoor breakers. 
At some of the stations there are loads 
outside the station proper, such as fire 
pumps, water well pumps, and ware- 
house, which must be operable even when 
the pumping station is shut down. To 
carry these loads, as well as the lighting 
load, a 2,300-volt bus is provided on the 
outdoor structure, connected to the power 
service ahead of the station power 
breaker. To this outdoor 2,300-volt bus 
are connected the station bus breaker, the 
lighting transformer, a 2,300-to-460-volt 
transformer bank for outside auxiliaries 
and a 2,300-volt fire pump circuit. 

With this arrangement of circuits, 
shown schematically in Figure 4, the sta- 
tion operator can clear all power circuits 
within the station proper by opening the 
2,300-volt outdoor circuit breaker. This 
he can do either from within the station 
or at the substation. At the same time 
he can leave the station lights and out- 
side auxiliaries in operation if required, 
since these circuits are not affected by 
tripping the outdoor breaker. 


Control System 


A fundamental consideration in estab- 
lishing the control system was that of 
station attendance; it was decided at the 
start that: 


1. In the interest of safeguarding property, 
each station must have attendance at all- 
times. 


2. During the tour of duty the attendant 
may be at any part of the station property, 
subject to prompt arrival at the control 
room upon signal. 


3. In the simple booster stations the at- 
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‘Figure 8. Schematic diagram of station control 
system for typical two-unit station 


-tendant will perform singly all operating 
duties incidental to starting, running, and 
stopping units, as required by the central 
dispatching office. 

4. Maintenance work except of minor 
nature is to be handled by established 
maintenance personnel, progressing from 
station to station. In case of difficulty or 
failure in the operation of equipment, 
specialized repair personnel will be available 
on call to the superintendent of the division. 


These operating conditions determine 
the following essential features of the sys- 
tem of control: 

(a). Starting and normal stopping of the 


stations and of units within each station 
shall be controlled by the station attendant. 
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(b). Protective shutdown of units and sta- 
tions must be instituted automatically when 
conditions arise that exceed predetermined 
limits of safe operation. 


(c). In case of automatic protective shut- 
down, a signal must be given to inform the 
attendant that shutdown has occurred, and 
indication must be given of the specific 
protective function that caused shutdown. 


(d). In the starting and stopping of main- 
line units, it is desirable to simplify the 
duties of the attendant by providing auto- 
matic operation in proper sequence for the 
valves, motor control, and pressure devices 
concerned. The operator, thus relieved from 
performing a routine of manual operations 
at different points in the station, can devote 
his attention to the over-all process and to 
the results obtained. 


(e). For continuous operation of the line it 
is, of course, necessary to maintain pressure 
conditions within the limits predetermined 
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for protective shutdown, and this should be 
accomplished by automatic means, 


Design of Station Control 


The control system developed to meet 
these requirements embodies the co-ordi- 
nated application of pressure, tempera- 
ture, and electrical control and indicating 
devices. 

Each pump unit normally is controlled 
from an individual “‘start-stop” push- 
button, the control system providing a 
predetermined sequence of operations. 
Considering a typical two-unit booster 
station, this control system provides auto- 
matic means for: 


1. Venting the pump casings during shut- 
down to prevent building up of pressure 
within them by leakage past suction or dis- 
charge valves. 


2. Permitting the starting of a unit only 
upon existence of a predetermined minimum 
suction pressure. 


3. Operating in correct sequence a motor- 
driven suction valve and a motor-driven 
discharge valve for each unit. 


4. Venting vapor from the pump casing 
and circulating liquid through the pump 
during starting. 


5. Adjusting the station capacity to the 
line throughput while the station is on the 
line. 


6. Limiting the minimum value of station 
suction pressure to a value safe for pump 
operation. 


7. Limiting the maximum value of the 
station discharge pressure to a value safe 
from the standpoint of pipe-line stress. 


8. Safety shutdown, sounding the station 
alarm and lighting an individual indicating 
light, in case of: 


See Figure 8 
Symbol 

Excessive duration of high motor 

starting current SC-20 
High motor-winding temperature 

(alarm and light only) MT-10 
Power-supply failure 

(alarm only—air operated) SV-P 


High motor-bearing temperature 
(front or rear bearing) 

High pump-bearing temperature 
(front or rear bearing) 

High pump-gland temperature 


MB-11, MB-12 


P B-11, P B-12 


(front or rear gland) PG-11, PG-12 
High pump-casing temperature PCT-10 
Low suction pressure 

pumps | and 2 PS-11, PS-21 
High suction pressure 

pump | and 2 PS-12, PS=22 
High station discharge pressure PS-5 
Low station discharge pressure PS-6 
Low air-supply pressure to hy- 

draulic controllers 

(alarm and light only) PS-A2 
Low station air-supply pressure 

(alarm and light only) PS-A1 
High sump-tank level 

(alarm and light only) a 


An ammeter (A-20) and ammeter 
switch are provided for each unit, also a 
common temperature indicator (TJ-20) 
for both units with a selector switch for 
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each unit whereby the temperature indi- 
cator may be connected, per unit, to any 
one of: 


See 
Figure 8 
Symbol 
2 Pump-bearing thermocouples T-21, T-25 
2 Pump-gland thermocouples T-22, T-24 
1 Pump-casing thermocouple T-23 
2 Motor-bearing thermocouples T-20, T-26 
3 Motor-winding thermocouples T-27 ,-28,-29 


The gauge panel mounts a flowmeter 
(FM) for indicating and recording the 
rate of flow at or by the station, also two 
pressure controllers (RPC-1, RPC-2) 
whose function will be discussed below, 
and six gauges indicating pressure at the 
following points: 


See Figure 8 
Symbol 

Station suction S35) 
Pump suction JAS 

Interpump IP 

Pump discharge PD 
Station discharge SD 
Air supply to air operated vent valves AS 


Pump Venting 


Each pump has a connection from the 
top of its casing through a vent valve to 
the station sump. The vent valve (VV- 
10, VV-20) is spring-opened, air-closed, 
the air supply being controlled by a three- 
way solenoid valve (SV-10, SV-20). This 
valve is so connected in the motor-control 
sequence that the vent valve is open while 
the pump unit is down and remains open 
during the starting cycle until the pump 
discharge valve is fully open, whereupon 
the solenoid valve is energized to close 
the vent valve. Ina shutting-down cycle, 
when the pump discharge valve leaves its 
open position, the solenoid valve is de- 
energized to open the vent valve. At the 
conclusion of the shutting-down cycle 
both the discharge valve and the suction 
valve are closed, and flow through the 
pump-venting system ceases. 


Station Pressure Control 


The regulation of station pressure is 
accomplished by air-actuated instruments 
such that the station suction and dis- 
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charge pressures can be automatically 
maintained at any predetermined values. 
The control valve which is actuated from 
these instruments is normally automati- 
cally controlled, but is equipped for 
manual operation in the event of air fail- 
ure or interruption of electric service at 
the stations, All the stations operating in 
a continuous section of line are affected 
by any change in flow rate that may oc- 
cur. There are many changes in flow 
rate throughout the entire system. 
These are occasioned by the existence of 
the large number of delivery points or 
terminals, which may be utilized for mul- 
tiple deliveries or for single full-line capa- 
city deliveries. The station pressure con- 
trols are so designed as to immediately 
adjust each station to these varying flow 


Figure 9. Control 
desk, gauge board, 
teletype and tele- 
phone facilities, and 
panels for incoming 
line, motor starters, 
and low-voltage 
power distribution, 
in a typical two-unit 
station 


conditions and thereby maintain uninter- 
rupted operation. The previously men- 
tioned automatic shutdown features are 
co-ordinated with the regulating equip- 
ment, so as to permit operation of the con- 
trol system over its full range, and only 
to prevent operation of one or two units 
in the station in case the pressures exceed 
pre-established limits. 


Control Desk 


Physically, the control for each station 
centers in a control desk in the control 
room, where also is situated the gauge 
board previously mentioned, the atten- 
dant’s working desk, and a teletype oper- 
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ating over a circuit serving the system 
dispatcher’s office and all pumping sta- 
tions. ; 

Red indicating lights on the control 
desk identify the functioning of each of 
the protective shutdown and alarm 
switches already mentioned. Amber and 
green indicating lights show respectively 
the open and closed positions of the 
motor-operated suction and discharge 
valves and of the principal manually op- 
erated valves in the station piping. 

To clarify the function of each device 
the desk top bears a schematic layout of 
the principal piping for the particular 
station, and in this piping diagram the 
indicating lights, temperature indicator, 
ammeters, selector switches, and push- 
buttons are all mounted in appropriate 


position. An accompanying illustration 
shows how conyeniently the control desk 
and gauge board in one of the stations 
serves as the central point for indication 
and control of all principal station func- 
tions. 


Conclusion 


As evident from this discussion, the 
electrification of the Plantation system 
was designed to meet the practical re- 
quirements of products-line operation. 
That it adequately serves these needs is 
indicated by operating experience with 
the system to date, which has verified all 
fundamental features of its design. 
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1 eee paper reviews the problem of pro- 
tecting pilot-wire circuits, briefly dis- 
cusses the sources of disturbing voltages, 
describes two types of neutralizing trans- 
formers, and illustrates how they are used 
to distribute the disturbing voltage most 
favorably throughout the pilot-wire cir- 
cuit. The recent increase in use of high- 
speed pilot-wire relays for the protection 
of important power circuits has accen- 
tuated the need of better understanding 
of the pilot-wire protection problem. 
Therefore, a review of this general sub- 
ject and a description of a new type of 
neutralizing transformer with mathe- 
matical formulas to determine its effec- 
tiveness, is considered timely. 

Three principal objectives to be at- 
tained when applying pilot-wire protec- 
tive apparatus are: 


1. To assure correct operation of the pro- 
tective relays or other apparatus at all times. 


2. To protect operating personnel. 
3. To protect the apparatus. 


Pilot circuits for protective relaying 
must be operative at all times, especially 
at times of system disturbances. Thus, 
simple protective gaps which provide ade- 
quate protection for many other pilot serv- 
ices cannot be used to protect against 
voltages induced by the power-system 
currents, as this would render the circuit 
inoperative when most needed. Certain 
supervisory control and other functions 
are also required to be operative during 
power-system faults, and this discussion 
applies equally well to pilot circuits for 
these purposes. The principles and 
methods will also be found useful in ap- 


ocB 


POWER 
TRANSFORMER 


PRIMARY 


GENERATOR 


© OS LIGHTNING + 
ARRESTERS 


INSULATING 
TRANSFORMER 


STATION—», 
GROUND BUS 


» EFFECTIVE 
GROUND 
RESISTANCE 


SEPTEMBER 1942, VOL. 61 


y SECONDARY 


Protection of Pilot-Wire Circuits. 


_M. A. BOSTWICK 


ASSOCIATE AIEE 


plying protection to those telemetering 
and supervisory control circuits which are 
not required to be operative during 
power-system faults. 

A pilot circuit may be exposed to dis- 
turbing voltages of several sorts, which 
will be discussed subsequently, Briefly, 
these are: 


(a). Lightning and other surges. 
(b). Induction from power lines. 
(c). Elevation of station ground potential. 
(d). Direct crosses with power circuits. 

If these voltages are not to disrupt the 
proper operation of the circuit, they must 


be disposed of by some combination of the 
following measures. 


(a). 


them. 


By insulating the circuit to stand 


(b). By distributing them through design 
of the circuit impedances and grounds. 
(c). By the use of gaps or arresters to pre- 


vent surge voltages from reaching excessive 
values. 


(d). By drainage—dissipating the disturb- 
ing voltages as impedance drops in the cir- 
cuits. 
(e). By shielding the wires or so locating 
them that the disturbing voltages are les- 
sened. 


(f). By using insulating transformers or 
neutralizing transformers to take up longi- 
tudinal voltages as will be explained. 


In many cases no specific protective 
measures are required. This is frequently 


Figure 1. Schematic diagram of faulted trans- 
mission line and pilot-wire relay circuit 
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the case when rubber-lead-covered con- 
trol cable is used in relatively unexposed 
locations. However, a consideration of 
the magnitudes of disturbing voltages is 
worth-while in any case, to insure that the 
pilot circuit, through its insulation, ar- 
rangement, and protective features, pro- 
vides adequately for the voltages to be 
encountered. 

Pilot-wire circuits that are totally en- 
closed in a frequently grounded sheath are 
inherently provided with a high degree of 
protection against lightning. Circuits of 
this kind, that are not exposed to induc- 
tion from transmission lines and that en- 
ter stations in which only small ground 
potentials can occur, require no special 
protective measures. The auxiliary 
equipment that will be discussed is needed 
only when calculation or measurements 
indicate voltages in excess of the normal 
insulation strength. 

The general problem is very much as 
follows: Assume that lightning strikes 
the power line and causes a phase-to- 
ground fault at the far end of the line 
section that is protected with pilot-wire 
relays. Assume also that the pilot circuit 
is exposed to the effects of the same light- 
ning stroke. Arresters on the pilot wires 
must operate to protect the relays and 
associated equipment. However, the ar- 
resters must immediately seal off and in- 
terrupt any power follow, so as to make 
the pilot circuit operable. The seal-off 
voltage of the arresters must be above 
the maximum voltage that can be im- 
pressed on them by induction in the pilot 
wires or by a combifiation of a rise in 
ground potential and induction which can 
be caused by the flow of transmission-line 
fault currents. If the arresters should 
fail to seal off, they would effectively 
short-circuit the pilot wires and block 
operation of the protective relays. Simi- 
larly, provision must be made to guard 
against the accidental operation of pilot- 
wire relays which may be caused by un- 
symmetrical operation of the arresters. 
This may be accomplished, for example, 
by connecting a low-voltage protector 
tube between the pilot wires, as shown in 
Figure 4 and by distributing funda- 
mental frequency-disturbing voltages so 
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Figure 2. Distribution of voltages in trans- 
mission-line and ground circuits 


IX; component of line drop equals maximum 
possible voltage that can be induced in pilot 
wires 


as to avoid operating the lightning ar- 
resters. 

To aid in visualizing the manner in 
which these disturbing voltages may be 
impressed on the pilot-wire circuits by 
transmission line faults, consider the cir- 
cuit that is illustrated in Figure 1. Inas- 
much as these disturbances are most 
severe when one phase of the transmission 
line is grounded, only a single-phase sys- 
tem is drawn. As shown in Figure 1, as- 
sume that the faulted power system con- 
sists of a single-phase generator, a 
grounded transformer, a section of line, 
and equivalent ground-fault resistance. 
The pilot-wire circuit is spaced from the 
power-line conductor, a distance of S feet. 

When the ground fault occurs, current 
will flow out through the transmission 
line and return through the ground. The 
generated voltage is used up in a series of 
voltage drops in the generator and trans- 
former, line, ground-fault resistance, and 
the effective resistance that can be meas- 
ured between the station ground bus and 
true ground. This resistance, indicated 
in Figures 1 and 2, varies from a fraction 
of an ohm in well-grounded stations to 
several ohms in stations that are not so 
well grounded. The value may be high 


Figure 3. Approximate variation in mutual 
impedance between transmission circuit and 
pilot wires 
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or low, depending upon the earth resistiv- 
ity in that vicinity. Ground potential 
rises of 1,000 to 3,000 volts are not un- 
common, while values up to 15,000 volts 
are sometimes encountered. 

The manner in which voltage is induced 
in the pilot-wire circuit is indicated in 
Figure 1. Fields of flux are set up by the 
flow of current in the transmission line 
and inthe earthreturn. These fluxes link 
both pilot wires and induce voltages along 
the length of the exposed portion of the 
pilot-wire circuit in proportion to the mag- 
nitude of the flux linkages. If a twisted 
or spiraled pair of wires is used for the 
pilot circuit, no appreciable voltage dif- 
ference will appear between the pilot 
wires. This is important, for the voltage 
difference that appears between the pilot 
wires must be limited to avoid operating 
the protective relay, or associated ap- 
paratus that is connected to the pilot 
circuit. Because of this, only longitudi- 
nally induced voltages, which are equal 
and in the same direction in both wires, 
will be discussed. 

It will be noted that the flux which 
links the pilot wires from the ground cur- 
rent is 180 degrees out of phase with 
respect to that set up by the transmission- 
line current. Consequently, these two 
fields tend to cancel, or it may be said 
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Figure 4. Protective apparatus 


that the ground current tends to “shield” 
the pilot wires from induction. This 
effect becomes quite appreciable when 
ground wires carry a large portion of the 
ground-fault current.! 

Figure 3 illustrates how the mutual im- 
pedance between the transmission line 
and pilot wires varies with the separation 
between the two circuits. Three differ- 
ent curves are drawn to illustrate how 
this quantity is affected by extreme varia- 
tions in the resistance of the earth-re- 
turn circuit or how the earth currents 
“shield” the pilot circuit from induction. 
When the earth resistivity is high, current 
returns deep in the ground and produces 
less shielding. The ground-fault current 
multiplied by the proper mutual imped- 
ance equals the magnitude of voltage that 
will be induced in the pilot-wire circuit. 
Note that this quantity can never exceed 
the magnitude of the transmission-line 
reactance drop. A voltage equal to that 
magnitude can be obtained only when the 
transmission line and pilot wires occupy 
the same space or have 100 per cent cou- 
pling. It should also be remembered that 
ground wires and return circuits that are 
provided by cable sheaths all tend to re- 
duce the magnitude of the induced volt- 
age. In general, the shielding that is ob- 
tained from a. full-sized, lead-covered 
telephone cable will reduce the voltage 
that would be induced in an open-wire cir- 
cuit by approximately 50 per cent.! 


Protective Measures 


Disturbing voltages can be impressed 
on the pilot-wire circuits by lightning, 
electrostatic and electromagnetic induc- 
tion, station ground potentials, and ac- 
tual contact with power circuits. The 
damage which results from crosses with 
power circuits can be limited by solidly 
grounding and isolating portions of the 
circuit through action of arrester blocks 
and fuses. Frequently this will cause 
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relay operations that cannot be prevented. 
Voltages impressed on the circuit by light- 
ning, induction, and ground potentials 


_ can be dissipated, distributed, or isolated 


_with insulation in a manner that will not 
cause relay operation. This is accom- 

plished by use of lightning arresters (which 
must be chosen so that they cannot be 
operated by system disturbances), by 
draining appreciable amounts of currents 
from the circuit through mid-tapped 
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transformers or similar balanced im- 
pedances, by altering the natural distribu- 
tion of voltage stresses with neutralizing 
transformers or grounding impedances, 
and by insulating the apparatus or iso- 
lating it with insulating transformers so 


' that it will withstand the applied voltage. 


Insulating transformers have long been 
tused to insulate the terminal equipment 
from disturbing voltages in pilot-wire 
circuits. They are also used to keep sta- 
tion ground potentials off the pilot wires. 
Insulation built directly into the relay 
can be used in a similar manner. This 
action is illustrated with typical graphical 
‘solutions in the latter part of this paper. 
‘The effects of electrostatic and electro- 
magnetic induction can be counteracted 
‘directly. in the pilot wires by current 
drainage, as by grounding the mid-points 
of the insulating transformers at both 
ends of the line. When this is done, it is 
mecessary to consider thermal capacities 
of the equipment and inequalities in volt- 
age drop in the individual pilot wires 
as any lack of symmetry in the circuit 
tends to insert an extraneous (unbal- 
anced) voltage in the pilot loop and may 
affect the associated relay operation. 
Neutralizing transformers are used in cir- 
‘cuits of this kind to reduce the circulating 
current to an absolute minimum and to 
provide a control means that can be used 
in d-c circuits. 

To study the action of neutralizing 
transformers and determine the distribu- 
tion of the disturbing voltages, pilot-wire 
equipment should be classified into groups 
at different potentials somewhat as fol- 
lows: 

1. Terminal equipment at station ground 


potential. In Figure 1 this includes the 
current transformers and relay parts up to 


‘SEPTEMBER 1942, VOL. 61 


ZONEUTRALIZING WOGS (SEC) 
PILOT WIRES 


SHEATH CONNECTIONS 
TO GROUND OR 
REMOTE GROUND 


and including the primary of the insulating 
transformer, 


2. Terminal equipment on the station 
side of a neutralizing transformer. As 
neutralization is not perfect, this equipment 
operates at the remnant or unneutralized 
voltage to ground. In Figure 4 this in- 
cludes the supervisory relay, secondary 
winding of the insulating transformer, and 
the capacitor between the two center taps 
of the insulating transformer. 


2 


3. The incoming pilot wires, any equip- 
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Figure 5a. Three-winding neu- 
tralizing transformer neutraliz- 
ing station ground potential 


!=Neutralizing - transformer 

* exciting current 

r=Resistance of  exciting- 
winding connections a-b 
and c-d 

Z=Self-impedance of exciting 
winding 

M=Mutuel impedance between exciting 
winding and secondary windings 

e,=Remnant or unneutralized voltage which 


appears between relays and_ station 
ground 

Zp=Primary leakage impedance=Z—M 
Zptr 

e = E. 1 

are. (1) 


Figure 56. Three-winding neu- 

tralizing transformer neutraliz- 

ing longitudinally induced 
voltage 


Z=\mpedance of ground re- 
turn circuit, a to b 

E=Longitudinal voltage  in- 
duced equally in pilot and 
neutralizing wires 

m=WMutual impedance between exciting wire- 
ground return circuits, from a to b 

Zep =Zs—Ms, Zp =Zr—M,, primaty leakage 

impedances 
Total remnant voltage: 
Mes fhe ro Pi Tih 


ZeLrp—Z (2) 


e,—e,=E 


ment connected thereto, and their potential 
with respect to ground. 

4. The cable sheath, usually at true ground 
potential if insulated, or at station ground if 
connected thereto. 

5. Other wires in the cables, and their 
potential to ground. 

Some of these items span from one po- 
tential to the other. The neutralizing 
transformers span from (3) to (2); that 
is, from the pilot wires to the remnant 
voltage point. The grounding capacitors 
span from (2) to (1); that is, from rem- 
nant voltage point to station ground. 
The insulating transformers span from (2) 
toni : 

Cable sheaths, if not connected to sta- 
tion ground, may usually be considered 
as at true ground throughout their 
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lengths. They are usually grounded by 
leakage if not intentionally. Aerial 
cables with sheaths purposely insulated 
require a study of the various capacitive 
impedances, between wires and sheath, 
and sheath to ground, to determine the 
voltage with which their insulation is 
stressed. If a sheath is grounded along 
the line and also grounded to station 
ground, a heavy current will flow over it 
when there is a rise of station ground po- 
tential. The steepness of gradient along 
the cable sheath from station ground to 
true ground will depend on the resistance 
of the ‘pole grounds,”’ Possible danger of 
burning the sheath should be checked, es- 
pecially if the cable is buried under the 
power line so that it may carry a consid- 
erable part of the return fault current. 


With given voltages, impressed on the 
pilot-wire circuit by longitudinal induc- 
tion or a rise in station ground potential, 
the determination of voltage distribution 
as indicated above is a problem in conven- 
tional circuit theory. After determining 
each potential with respect to any con- 
venient reference, such as true ground, 
the potential differences are obtained for 
verifying or designing the insulation co- 
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ordination. Graphic examples of this are 
given after operation of the neutralizing 
transformers is explained. 


Three-Winding* Neutralizing 
Transformer 


When used to protect against a differ- 
ence in ground potential, the exciting 
winding of the three-winding neutralizing 
transformer is connected between true 
ground (remote pole ground) and the sta- 
tion ground as shown in Figure 5a. The 
pilot wires are connected in series with the 
secondary windings of the neutralizing 
transformer and thereby have a voltage 
almost equal and opposite to the station 
ground-potential rise impressed directly 
on them. Thus, with the pilot wires at 
true ground potential (sheath potential 
usually), the terminal relay equipment 
will be held close to station ground poten- 
tial, 

The connection from the exciting wind- 


* Three winding is used to distinguish the type 
having a separate exciting winding. There may be 
any number of secondaries. Usually, there are two, 
through which a pair of pilot wires is carried. 
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(a) Actual and single-line representation of 
circuit with neutralizing transformers 
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(6) Neutralizing station ground potential 


r=Resistance of pilot wires in parallel from 
ato bandctod 
Zp=I\|mpedance of pilot wires to ground 
(usually sheath) looking into terminal d-n, 
including distributed capacity and termi- 
nating impedances 
Z,=Parallel impedance of grounding capaci- 
tors from a4 to g 
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E=Total longitudinal induced voltage 
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Two-winding neutralizing trans- 
former 


Figure 6. 


ing to ground may be a wire carried out a 
few hundred feet to a pole ground. Or the 
cable sheath may be insulated for the last 
few hundred feet into the station and the 
exciting winding of the neutralizing trans- 
former connected between it and station 
ground. 

Assuming the pilot wires to be at true 
ground potential as indicated schemati- 
cally by the dotted connection at d, Figure 
5a, the remnant or unneutralized volt- 
ages between the terminal relay equip- 
ment and station ground can be ex- 
pressed as a function of the station 
ground-potential rise, E,, and the circuit 
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constants shown. The voltage és, is the 
difference between the voltage drops from 
ftod, andatod, duetoJ. Thus: 


Zptt (1) 
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Commercial designs have been de- 
scribed? having 0.35 ampere exciting cur- 
rent with 4,000 volts applied to the pri- 
mary winding. This results in an im- 
pedance Z = 4,000/0.35 or 11,400 ohms. 
The primary leakage impedance, Zp, has 
been held to a value such that with a dis- 
turbing voltage, E,, of 4,000 volts, the 
remnant voltage e,, is 70 volts for r=0, 
and 81 volts for r=35 ohms. (r is the re- 
sistance of the exciting winding connec- 
tions.) 

The three-winding type of neutralizing 
transformer has also been used for neu- 
tralizing induced voltages.* In applica- 
tions of this kind an exciting wire is run 
the full length of the pilot wires and has 
induced in it the same voltage as the pilot 
wires. However, the cost of the exciting 
pilot wire, which must be held to a low 
value of resistance, usually eliminates 
this scheme from consideration. 


Two-Winding Neutralizing 
Transformer 


The two-winding neutralizing trans- 
former (or longitudinal choke) is a new 
form of neutralizing transformer in which 
the exciting current is conducted through 
the windings that are connected in series 
with the pilot wires and otherwise oper- 
ates in the same manner as the three- 
winding neutralizing transformer. This 
design was introduced in 1935. The first 
application was for protection of extensive 
pilot wires along an a-c railway electrifica- 
tion. 

The two-winding neutralizing trans- 
former is designed to protect pilot wires 
and their terminal equipment from sta- 
tion ground potentials and longitudinally 
induced voltages. Its self-exciting feature 
is particularly valuable for applications 
which involve longitudinal induction, as 
it eliminates the need of a third pilot wire. 
Furthermore the device is more effective 
than the three-winding transformer, when 
used to counteract induced voltages, as 
the magnetizing currents flowing through 
the pilot circuit actually aid the neutral- 
izing action. 

By providing grounding capacitors as 
shown in Figure 6a, a complete excita- 
tion path is secured over the pilot wires. 
The resulting circuit which includes the 
induced voltage and the neutralizing 
transformers is termed a “‘self-exciting 
neutralizing-transformer circuit,’ since 
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the exciting current is carried over the 
pilot wires which are also used for relay- 
ing. 

The two windings of the neutralizing 
transformer are wound in the same direc- 
tion on the core, so that currents which 


* flow in the same direction in the pilot — 


wires encounter exciting impedance, 
whereas relay loop currents, in opposite 
directions in the two pilot wires, encoun- 
ter only the leakage impedance. The ex- 
citing impedance of such neutralizing 
transformers can readily be made as high 
as 100,000 ohms at 60 cycles with only 
160 ohms added to the pilot-wire loop re- 
sistance. One-microfarad grounding ca- 
pacitors, connected one from each wire to 
ground, have a parallel impedance of 


VOLTS 
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IN BOTH PILOT WIRES 


Figure 7. Saturation curve of typical two- 
winding neutralizing transformer (longitudinal 
choke coil) 


1,325 ohms at 60 cycles and limit the 
remnant voltage to about 1.3 per cent of 
one half of the induced voltage. This 
assumes balanced conditions in which 
one half of the voltage is impressed across. 
neutralizing transformers at each end 
of the pilot wires. 


STATION GROUND POTENTIAL 


The theory of the two-winding type of 
neutralizing transformer, as used for neu- 
tralization of station ground potentials, 
may be understood from a consideration 
of Figure 6. The two pilot wires are con- 
sidered paralleled, so that the parallel 
impedances are used. The remnant 
voltage, e;, of the terminal relay equip- 
ment from station ground is given by 


Ze 
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The voltage from the pilot wires to the 
cable sheath is 


Zp 


ép= —1Z)= —E, >———_ 
’ ? D Sete 


(3) 

In practice, the neutralizing-trans- 
former exciting impedance Z is very 
large, compared with the other imped- 
ances in the circuit. Therefore, the neu- 
tralizing transformer has impressed on it 
approximately the full disturbing volt- 
age, E,. The corresponding exciting cur- 
rent can be determined by reference to its 
‘saturation curve, see Figure 7. The rem- 
nant voltage, e,, is then numerically the 
product of the exciting current, J, and the 
impedance, Z, of the grounding capacitors 
(see equation 2). Similarly, the voltage 
from pilot wires to sheath is the exciting 
current J multiplied by Z,, defined in 
Figure 6b (see equation 3). If the dis- 
tributed capacitance is small, the voltage 
‘drop from the pilot wires to the sheath 
may be high. This can be reduced by 
adding lumped capacitance ground at d 
or terminating impedance to ground at 
the other end of the line. 

Figure 7 shows the excitation charac- 
teristics of a commercial design of a two- 
winding neutralizing transformer. At 
3,000 volts the exciting current is 30 mils 
(15 mils in each winding), or the exciting 
impedance, Z is 100,000 ohms. At 4,000 
volts the exciting current is 0.062 ampere. 
‘The impedance inserted in the relay loop 
circuit by this design is 160+ 7 130 ohms, 
per transformer, at 60-cycle frequency. 


LONGITUDINAL INDUCTION 


The theory of the two-winding neutral- 
izing transformer, used for protection 
against longitudinally induced voltages, 
is given in the appendix. This treat- 
ment covers the general case in which 
both longitudinal induction and station 
-ground-potentials are present. Remnant 
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Figure 8. Actual connections 


Arrows show parts included in each symbol 
of the potential-gradient diagrams 


voltages for the simpler case of longi- 
tudinal induction only are obtained using 
the same equations with the station 
ground potentials set equal to zero. 

The potential distribution is influenced 
by the relative values of terminating im- 
pedances to ground and distributed im- 
pedances to ground as well as the locations 
and amounts of induced voltages. These 
factors are taken into account in the exact 
theoretical treatment of the appendix. 
The important case in which a station 
ground-potential rise and longitudinal in- 
duction are both caused by the same pri- 
mary fault current is fully developed, the 
voltage distribution being expressed by 
equations 5a to 9a of the appendix. 


Potential Distribution for Typical 
Conditions With and Without 
Neutralizing Transformers 


A reasonably accurate conception of 
the potentials existing in various parts of 
a pilot-wire circuit that is exposed to 
station ground potential or longitudinal 
induced voltage may be obtained from the 
typical diagrams in Figure 9. The poten- 
tials shown are based on 2,000 volts sta- 
tion ground potential or 4,000 volts longi- 
tudinal induction as indicated, but can be 
ratioed for other values of disturbing volt- 
age. Various parts of the circuit are rep- 
resented by symbols drawn in position to 
show the voltages to ground at which 
those parts operate under the abnormal 
conditions. In this discussion, operating 
voltages between wires are taken as zero, 
and the two wires are represented as one 
for determining voltages to ground. The 
operating voltages are usually negligible 


Harder, Bostwick—Pilot-Wire Protection 


in comparison but can be superposed if 
appreciable. ' 

Figure 8 illustrates which parts of a 
typical pilot-wire relay are included in 
terminal apparatus at “station ground 
potential,”” and which part operates at 
the “remnant voltage’ to ground. The 
insulating transformer presents negligible 
impedance to pilot-wire currents in the 
same direction (two-winding neutralizing- 
transformer exciting currents) which flow 
to ground, It may, therefore, be con- 
sidered as operating at the remnant volt- 
age, although physically it is in the cir- 
cuit between the terminating capaci- 
tances and the neutralizing transformer. 

Parts (a) to (d) of Figure 9 show the 
distribution of 2,000 volts station ground 
potentials. Part (a) is without neutral- 
izing transformers; it illustrates the dis- 
tribution of voltage that is obtained when 
an insulating transformer is connected 
between the relay and pilot wires. Note 
that the relay is held at station ground 
potential, and the entire voltage differ- 
ence is impressed across the transformer 
insulation. If a supervisory relay were 
connected directly to the pilot wires, 
with its base connected to station ground, 
its insulation would be stressed with the 
full 2,000 volts rise in ground potential. 

If the cable sheath is tied to station 
ground, the rise in potential of the pilot 
wires depends on the relative lengths of 
pilot wires affected by sheath sections at 
true ground and higher potentials. For 
example, if one tenth of the length of cable 
sheath is elevated 2,000 volts and nine 
tenths is at true ground, the wires will 
rise to ten per cent of 2,000 volts, or 200 
volts above true ground. If only one per 
cent of the sheath is elevated, the poten- 
tial rise will be a corresponding proportion 
of the rise in the short length of sheath. 
A wire-to-sheath potential approaching 
the full station ground potential must 
then be provided for in the cable insula- 
tion. This illustrates that voltage stress 
on the cable can be reduced by insulating 
the cable sheath from station ground. 

The use of two-winding neutralizing 
transformers is illustrated in parts (b) 
and (c). This transformer holds the relay 
parts that are metallically connected to 
the pilot wires at station ground poten- 
tial, except for the small remnant voltage, 
caused by the neutralizing transformer 
exciting current passing through the 
capacitance to ground. These remnant 
voltages are usually under 100 volts. The 
effects of predominant and negligible 
pilot-wire distributed capacity are also 
shown in (b) and (c). The rise in pilot- 
wire potential indicated in (c), can be re- 
duced by connecting small fixed capaci- 
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tors between the pilot wires and ground. 
The circuit then becomes equivalent to 
that shown in (b). In each case, the ef- 
fect of connecting the sheath to station 
ground is shown. The resulting condition 
is tolerable, if the cable has ample insula- 
tion, and iis sheath has ample current- 
carrying capacity. However, the sheath 
must be insulated from station ground if 
the cable is not insulated to stand 50 per 
cent to 100 per cent of the ground poten- 
tial rise, with a suitable margin. 

As shown in part (d), the three-winding 
neutralizing transformer produces a po- 
tential distribution under conditions of 
station ground voltage rise, substantially 
the same as for the two-winding neutral- 
izing transformer with predominant dis- 
tributed capacity. 

The distribution of potentials resulting 
from 4,000 volts of longitudinal induction 
is illustrated in parts (e), (f), (g), and (h), 
taking into account the following varia- 
bles: 


With and without neutralizing transformers 
(two-winding type). 

Pilot-wire capacitance predominant or neg- 
ligible. 


Different exposure conditions. 


Parts (e) and (f) show that with pre- 
dominant distributed capacity, introduc- 
tion of neutralizing transformers leaves 
the pilot-wire voltages unchanged and 
simply lowers the potential of any relay 
equipment metallically joined to the pilot 
wires, to substantially station ground po- 
tential. 

The natural distribution of pilot-wire 
potential determined by distributed ca- 
pacitance, as explained in the appendix, 
can be modified by terminating capaci- 
tances to ground indicated in Figure 
9(c) and (g). The distributions are 
shown, in part (g), for the case of dis- 
tributed capacitance negligible compared 
with these terminating capacitors, and in 
part (c) for the case of distributed capaci- 
tance predominant. Other cases fall in 
between. The unbalanced voltage dis- 
tribution which results from heavy induc- 
tion near one end, when distributed ca- 
pacitance is predominant, part (c), can be 
equalized by the addition of terminating 
capacitances. 

As shown in parts (f) and (h), the neu- 
tralizing transformers operate to hold the 
relay equipment substantially at station 
ground potential except for the remnant 
voltage. Part (h) of Figure 9 also illus- 
trates the use of a number of neutralizing 
transformers, connected at intervals in 
the pilot-wire circuit. This expedient is 
used to reduce voltages on the cable it- 
self, as neutralizing transformers at the 
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Figure 9. Distribution of wire-to-ground voltages caused by station ground potential and? 

longitudinal induction 
(i)—Combination of 2,000 volts station ground) 
potential and 4,000 volts longitudinal induc- 


(a) to (d)—2,000 volts station ground potential 
(e) to (h)—4,000 volts longitudinal induction 
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(i) illustrates the potential gradi- 
iat is obtained when a combination 
station ground potential and longitudi- 
Lp duction exists. As one of these volt- 
es is produced by resistance coupling 
and the other by mutual reactance cou- 
pling from the same current, the two are 
90 degrees out of phase with each other. 
(The voltage produced by mutual cou- 
pling is ahead, if the reference directions 
are used as indicated in Figure 6, and the 
pilot wires are more closely coupled to a 
power phase wire than to the ground re- 
turn.) As a result the voltage along the 
pilot wires varies not only in magnitude 
but also in phase position. Figure 9(i), 
shows the voltage magnitude to ground, of 
the principal parts of the circuit, but does 
not indicate the magnitude of voltage 
across the neutralizing transformers. The 
ectorial shift of the voltages along the 
pilot wires is illustrated in Figure 10. 
_ The distribution of voltages that are 
imposed on pilot-wire circuits and their 
terminal equipments, by induction and 
station ground potentials, can be deter- 
mined by use of the equations and dia- 
grams presented herein. It will be noted 


that in many instances this can readily be 
accomplished by first determining the 


distribution of induced voltages, per 
Figure 6d, and then adding the rise in 
ground potential at right angles to it at 
the correct location in the circuit. The 
_maximum stress on the pilot-wire insula- 
tion can be determined in this manner. 
If relay equipment is connected directly 
to the pilot-wire circuit, its insulation (and 
operating characteristics) must be able 
to withstand such a voltage, or neutral- 
izing transformers must be installed to 
dissipate it and reduce the voltage stress 
at the relay to meet operating limitations. 
After the voltage distribution has been 
determined, as mentioned above, the 
effect of neutralizing transformers, or the 
use of grounding impedances, or of in- 
sulating transformers can be determined 


NEUTRALIZING 
TRANSFORMER 


STATION GROUND BUS 
STATION GROUND POTENTIAL 
SS TOTAL LONGITUDINAL 
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by simply ernkeecting the impedance 
drops from the voltages that are impressed 
on the circuit. 


In general, all parallel wires that enter 


a cable at a given point should be pro- 


tected in a similar manner to make 
certain that all wires within the cable 
are held at the same potential. A cir- 
cuit of this kind should be studied, and 
the necessary protective measures must 
be taken to avoid the transfer of dis- 
turbing voltages from one set of wires to 
the other. 

The paper has reviewed the problem of 
protecting pilot-wire circuits with em- 
phasis on high-speed relay requirements 
and has presented mathematical and 
graphic aids to help the reader visualize 
it. It has also presented a mathematical 
analysis of a new tool, the two-winding 
neutralizing transformer, that is well 
suited to use in dissipating disturbing 
voltages that are frequently impressed on 
pilot-wire circuits. Use of this ‘‘tool”’ 
and the methods of analysis described 
should be of value to the users of pilot- 
wire circuits in avoiding difficulties that 
have been previously overlooked. The 
important points to be checked are the 
adequacy of insulation provided at differ- 
ent points in the circuit, and the voltage 
that is impressed on the lightning arrest- 
ers. This latter point is of primary im- 
portance on leased circuits that are used 
with high-speed protective relays. The 
voltage distribution must be such that 
lightning protection is never operated by 
power-system disturbances. 


Case of 


and 


Appendix. General 
Longitudinal Induction 
Ground Potential 


In the general case where both station 
ground potentials and longitudinal induced 
voltages are present, the voltage distribution 
can be determined in the following manner: 
First determine the distribution of the in- 
duced voltage in the pilot wires to obtain 
the value k; this is done with the terminal 


Figure 10. Vector 
voltage distribution 
along pilot wire ex- 
posed to both sta- 
tion ground poten- 
tial and longitudinal 
induction 


SHOWING ALL VECTORS 
ON A SINGLE DIAGRAM 
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(a) Actual circuit 


Uniform section of distributed capacitance and 
induced voltage 

Total shunt capacitance in this section =T! 

Total induced voltage =F 
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(6) Circuit equivalent to (a) as far as terminal 
conditions are concerned 


Figure 11. Potential gradient for induction in 


part of a section 
er Shiels 
Q(R'’+T' +5’) 
Zep =\|mpedance corresponding to S’+T’+R’ 
All capacitances in microfarads 


equipment disconnected. Then complete 
the circuit to calculate the distribution of 
voltages in the entire circuit as will be ex- 
plained. 

As shown in Figure 6d, the pilot-wire cir- 
cuit can usually be replaced by a T section 
composed of two parts of the induced volt- 
age, RE and (I—k)E, and the total shunt 
capacitive impedance of the two wires to 
ground, Z,y. This assumes that voltage 
drops in the series impedance of the pilot 
wires, caused by the shunt capacitive cur- 
rent, are negligible. The value of k can be 
determined by considering the voltage dis- 
tribution in the pilot wires with the neutral- 
izing transformers and terminal equipment 
disconnected. If shunt impedances are all 
capacitive, either distributed or lumped, the 
voltage distribution diagram can be con- 
structed as shown. The positive and nega- 
tive areas A are made equal, since they are 
proportional to the charging currents enter- 
ing and leaving the pilot wires, which must 
be equal. This is most easily visualized by 
referring to Figure 6d. Note that the 
abscissa is capacitance, rather than distance 
to allow for cable or open wire, and lumped 
capacitance effects. Thus the potential 
distribution diagram can be readily drawn 
from the known capacitances and induced 
voltages by making the areas equal. 

One of the most common cases is shown in 
Figure 11. Uniform induction, of total 
voltage H, occurs over a section having uni- 
formly distributed capacitance, totaling 
T’ microfarads. The sum of remaining dis- 
tributed capacitance plus lumped capaci- 
tance at one end is .S’ and at the other end, 
R’. For this case 


re ee (4) 
2(R/+T' +8") 


After the potential distribution in the 
pilot wire above has been determined, that 
is, the value of & fixed, the equivalent dia- 
gram can be connected to the terminal 
equipment as in Figure 6c. A vector solu- 
tion of the resulting two-mesh network gives 
the various voltages and exciting currents. 
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HE oil-filled type of high-voltage 

paper-insulated cable has been used 
on all extra high-voltage underground in- 
stallations now in service in this country. 
While the major portion of these installa- 
tions operates at oil pressures under 30 
pounds per square inch, several of the 
shorter ones utilize oil pressures up to 
200 pounds per square inch (‘“‘oilostatic”’ 
type). Although an alternate system! in 
which a high gas pressure is applied ex- 
ternally to the lead sheath has been in 
commercial service abroad since 1932, it 
was not until recently that this type of 
cable, known as compression cable, re- 
ceived serious study here. In 1939 the 
Detroit Edison Company found that a 
system employing a welded steel pipe line 
offered a number of advantages over the 
conventional duct installation under the 
conditions existing over the route of a 
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projected 120-kv underground circuit. 
For this reason the companies with which 
the authors are associated initiated an in- 
tensive laboratory and field investigation 
of the technical characteristics of several 
systems employing a steel pipe. The pres- 
ent paper describes some of the more in- 
teresting results of the technical investi- 
gation on the compression cable system. 

Essentially the compression-cable sys- 
tem comprises a cable that is in most 
respects an ordinary solid-type cable en- 
cased in a pressure chamber in which a 
gas pressure of approximately 200 pounds 
per square inch is applied externally to the 
lead sheath. In any high stress design it 
is necessary to eliminate entirely or nullify 
effectively the two important inherent de- 
fects of ordinary solid-type cable: 


1. The expansion and contraction of the 
impregnating compound with the load cycle 
must be provided for. 


2. The small but inevitable gas occlusions 
within the insulation must be rendered in- 
nocuous. 


In the low-pressure oil-filled cable the 
first requirement is taken care of by in- 
corporating an oil-flow channel or chan- 
nels within the cable and by locating along 
the route reservoirs having expansible 
cells and an external gas supply to main- 
tain positive pressure. The'second pre- 
requisite is met by employing a design 
which allows more complete degassing of 
the oil and saturation of the paper than 


obtained in ordinary solid-type cable. 
Several investigators have patented de- 
signs in which impermeable expansible 
members and the associated gas supply 
are incorporated in the conductor or 
sheath of the cable itself. Because of 
economic considerations none of these 
latter designs has attained commercial 
recognition. In the compression cable 
system the cable is made noncircular so 
that the lead sheath by change of shape 
may serve as an impermeable expansible 
member, the action of which is made re-. 
versible by external gas pressure. Thus 
the cable becomes self-compensating in 
that on increasing load the volumetric 
increase is accommodated by an increase 
in the cross-sectional area, while on de- 
creasing load the external gas pressure 
causes the reverse action to take place, 
thereby preventing void formation as a 
result of load changes. 

In actual practice the compression cable 
is made oval in cross section so that the 
shape is free to change in such a direction 
as to alter the minor axis at the expense 
of the major axis and hence alter the 
cross-sectional area without necessitating 
any large change in the periphery of the 
cable. A thin metal binder tape with 
paper tape over and under it is applied 
over the lead sheath in order to insure 
uniform diaphragm action along the 
sheath. The external gas pressure is 
secured by placing the cable in a welded 
steel pipe line filled with nitrogen gas 
under pressure. By actual field and labo- 
ratory experience it has been found that 
a gas pressure of about 200 pounds per 
square inch is adequate to maintain a 
positive internal oil pressure sufficiently 
high to prevent ionization in those voids 


These are 
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E, and H,=station ground potentials at r 
and s 


E=voltage induced in the pilot wires 


Frequently, the shunt capacitance to 
ground of the pilot wire will be so large that 
the potential distribution of the pilot wires 
will be relatively unaffected by the connec- 
tion of the neutralizing transformers and 
terminating capacitors, Z,, and Z,,. Test 
of this condition is whether the neutralizing 
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transformer impedance (approximately 
100,000 ohms for a commercial design) is 
large compared with the capacitive reactance 
to ground (sheath) of the pilot wires. In this 
case corresponding to Z,,=0, the disturb- 
ing voltages can be taken as H,+kE at the 
“s” end and (1—k)E at the “rv” end. The 
voltages e, and e, can then be determined by 
multiplying Z,. and Z,, respectively by the 
neutralizing transformer exciting current 
(Figure 7) corresponding to these disturb- 
ing voltages. 

A practical case of considerable impor- 
tance is that of station ground potential at 
only one end, combined with longitudinal 
induction from the same power current. For 
this case, represented in Figure 6c by E,=0, 
the longitudinally induced voltage E is 90 
degrees ahead of the station ground potential 
E;. Thus taking E; as reference, (£,=E,) 
equations 5 to 9 reduce to 5a, to 9a, as 
shown below: 


When E,=0 E;=reference=E, E=90° 
ahead =jE 
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Substituting these quantities in equations 
5 to 9. 


T JZ ph —k)E+(Z+Z,+Zep) (jkE+E,) 
: (Zep t+Ze+t+Zep)(Zer+Zept+Z;) —Zep* 


(5a) 
€s =Zegls (6a) 
e;=e,-jE—E, (7a) 
Esp = E,+I5(Zs+Zes) (8a) 
E,p=Egp—jE (9a) 
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the lead-sheath separator, it is possible to 
operate ordinary solid-type insulation at 
voltage stresses and conductor tempera- 
ures comparable with those used on the 
il-filled type of cable. 


Experience Abroad 


The first commercial circuit of compres- 
sion cable was installed in England in 
1932. The cable used in this initial 66- 
‘kv installation was a three-conductor 
ype HSO design, that is, a conventional 
ee-conductor type H cable with round 
conductors and binder tape and a tri- 
angular-shaped sheath, the latter being 
obtained by omitting the major portion 
f the filler material. In order to dis- 
tribute the diaphragm action as uniformly 
as possible over the flat sides of the tri- 
angular-shaped sheath, a metal binder 
tape with an asphalted paper tape over 
and under it, was applied over the sheath. 
A rectangular steel wire armor applied 
with a long lay completed the makeup. 
The armor wires were considered neces- 
sary in order to permit the pulling in of a 
long length of-cable without injury. It is 
the practice abroad to allow these armor 
wires to take the entire strain of the pull. 

While from an electrical point of view 
this installation has operated satisfac- 
torily since being placed in service, yet on 
the basis of subsequent experience and 
laboratory tests the use of the type HSO 
construction has been discontinued 
abroad and another construction known 
as type HSL has been adopted, because 
it is easier to manufacture and lends it- 
self better to diaphragm action of the 
lead sheath. In the latter design three 
oval-shaped conductors, each separately 
insulated, leaded and reinforced with 
several metal tapes, are cabled together 
with a short lay and armored with steel 
tape. 

In addition to the two designs men- 
tioned, both of which are installed in a 
steel pipe, a third type known as the self- 
contained compression cable has been 
developed abroad. In this design the 
function of the steel pipe is accomplished 
by an outer lead sheath which is separated 
from the diaphragm sheath by a spacer 
wire to provide a gas channel and is suita- 
bly reinforced to withstand high gas 
pressure. It was at first considered that 
this design might find some application 
for duct systems in this country. How- 
ever, to protect the metallic reinforcing 
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tapes against mechanical damage and cor- 
rosion, a third lead sheath would be de- 
sirable. With the large conductor sizes 
commonly employed here, the resulting 
sheath losses, which cannot easily be pre- 
vented, would be excessive. In view of 
these facts, this type cannot be justified 
economically, 

At the end of 1940 there were over 55 
conductor miles of compression cable in 
Service abroad operating at voltages 
ranging from 50 to 120 kv. Operating 
experience on these installations has been 
entirely satisfactory from an electrical 
standpoint. Electrolytic corrosion of the 
pipe was experienced on the first installa- 
tion in England as the result of poor pipe 
coating, and mechanical trouble near the 
joint wipes was encountered on a 50-kv 
installation in Copenhagen because of 
inadequate provisions for the differential 
longitudinal movement between cable and 
pipe. 

Because of the difficulty of obtaining 
precise information on all phases of the 
foreign installations, and the hazard in- 
volved in extrapolating foreign experience 
to relatively large loads and consequently 
large conductor sizes normally used in 
this country, it seemed advisable to re- 
check fully the mechanical features of the 
system in the laboratory and in the field 
by means of an experimental installation. 


Preliminary Studies 


DIAPHRAGM ACTION 


It was first essential to determine 
whether the lead sheath could withstand 


indefinitely the diaphragm action result- 
ing from temperature changes occurring 
during normal operation of cable. Ac- 
cordingly extensive laboratory tests were 
made on pure lead sheath simulating the 
normal conditions of operation. 

It is reasonable to assume that the 
maximum daily temperature change 
would be approximately 20 degrees centi- 
grade, which would correspond to a vol- 
ume change of one-half of one per cent. 
This about equals the volume difference 
between an oval-shaped sheath in which 
the ratio of the minor to major axis is 0.9 
and a circular sheath of the same perime- 
ter. Assuming the maximum seasonal 
change to be 80 degrees centigrade, a vol- 
ume change of two per cent would occur. 
To obtain the desired information on the 
mechanical performance of the lead 
sheath it was necessary to subject the 
samples to changes in volume correspond- 
ing to both these daily and annual 
changes, The two per cent volume change 
would occur once for every 365 of the 
one-half of one per cent volume change 
cycles. The test program adopted for 
most of the measurements consisted in 
subjecting the samples to one two per 
cent volume change and 300 one-half of 
one per cent volume changes in a 24-hour 
period. This accelerated laboratory test 
program subjected samples in a single 
day to the equivalent of approximately 
one year’s diaphram action under normal 
operation. 

Samples of compression cable 32 inches 
long were used for the tests. The dia- 
phragm action or change of volume was 


Table |. Tests of Diaphragm Action of Lead Sheath 
Sample External Internal Lead No. of 
Num- Pressure Pressure Thick. Origin of Cycles to 
ber Medium Medium Type of Cycle Temp. Mils Cracks Failure 
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eS Cen AL... .2/2-2% 4.8 min. Outside cera, 3, 25( 
O-13.. aS oes Pa: ra .1/o-2% 4.8 min Insid€ ofa ass 11,500 
(0 Joe Fe jc Se rane e Wenctn vies 1/2-2% 4.8 min [Inside ~~ hans 11,800 
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(SEA he PROS eet Ye Pay FORE. Eee 1/o-2% 4.8 min Both sides Re 24,000 
ORI DG aoa. s ton ae Dirt s 1/9-2% 4.0 min Both sides. <a rhD,2e0 
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A—Oil initially degassed, but becoming slowly contaminated with air. 
B—Degassed oil protected by Sylphon diaphragms from air contamination. 


C—Compressed air. 
D—Nitrogen (water-pumped). 
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produced by causing pressure differentials 
between the inside and outside of the 
cable sheath. At the start of the tests 
oil, not highly degassed, was used as a 
pressure medium on the inside of the 
sheath and compressed air was used di- 
rectly on the outside. The first eight 
samples tested on the cycle described 
gave a life ranging from 4,100 to 5,800 
cycles (number of one-half of one per cent 
volume cycles) at room temperature. 
Examination of these samples after failure 
showed evidence that the incipient cracks 
which occurred had originated on the out- 
side surface of the sheath. Since that 
surface was in direct contact with the 
compressed air it seemed likely that oxi- 
dation may have influenced the results. 
Subsequent tests were made in which 
carefully degassed oil was used as an ex- 
ternal pressure medium. This change 
immediately resulted in a life ranging 
from 11,500 to 13,000 cycles. Further 
precautions to insure carefully degassed 
oil on the inside as well as the outside of 
the sheath resulted in a life ranging from 
15,240 to 24,000 cycles, that is, a life ap- 
proximately four times as great as that 
obtained when no precautions against 
oxidation of the sheath had been taken. 

Table I gives the results of laboratory 
tests on five different kinds of samples 
(M, N, O, P, Q) each representing some 
change in either sheath thickness, ten- 
‘sion of paper tapes during manufacture, 
or in degree of looseness of armor tapes. 
In general these structural differences had 
no significant effect on the life of the 
sheath. 

Samples tested with air as a pressure 
medium show that thinner sheaths and 
higher temperatures decrease the ability 
to withstand diaphragm action. This 
may be attributed to the effect of oxida- 
tion. 

The test conditions differed from service 
conditions in two important respects, 
namely; 


(a). That each cycle is carried out in about 
1/s9 the time that would occur in practice. 


(b). That the volume ranges in the test 
cycles correspond to load conditions which 
are possible in service but are not normal 
for most installations. 


In both of these respects, the test con- 
ditions are the more severe. The stresses 
required to produce the same amount of 
deformation in the sheath are very much 
less for slowly applied deformation. For 
a given deformation where the lead is not 
exposed to oxidation as under service con- 
ditions, a greater number of cycles is re- 
quired to produce failure when the period 
is long than when it is short. In view of 
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this and the fact that the number of full 
volume daily cycles per year will generally 
be less than 300, the approximate 50 
years represented by 15,000 cycles is a 
conservative estimate for the life of the 
lead sheath. 


LONGITUDINAL MOVEMENT 


The usual practice for armored com- 
pression cable is to anchor the joints; 
however, it was felt that if the armor were 
eliminated, and the three conductors 
cabled with a comparatively short lay, 
the longitudinal movement would be re- 
strained without undue stress on the cable 
or joints. The following is a brief account 
of the tests designed to measure the mag- 
nitude of such restraining forces. 

The three conductors of a 50-foot sec- 
tion of 600,000-circular-mil unarmored 
compression cable were cabled to a six- 
foot lay, but not bound together, and then 
pulled into a six-inch inside diameter iron 
pipe of the same length. At one end the 
cable was anchored to the pipe, at the 
other end means were provided for apply- 
ing and measuring a restraining force of 
such magnitude as to prevent any move- 
ment of the cable with respect to the pipe 
end. The cable was heated by circulat- 
ing current in the conductors. Thermal 
equilibrium was reached with conductor, 
sheath, pipe, and ambient air tempera- 
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then bound by hand with heavy duck — 
tape and tested. The maximum force 
reached was 4,500 pounds for a final 
conductor temperature rise of 59 degrees 
centigrade. 

These test results show that when the 
three conductors of a compression cable 
are cabled together in a lay of about six 
feet, but not bound, the longitudinal 
forces due to restrained thermal expansion 
are so low that no expansion bends are 
necessary. This was further verified by 
the field tests. On the other hand, if the — 
conductors are bound together, either 
straight or twisted, or kept straight with- 
out binding, the forces developed are large 
enough to endanger joints of usual design. 


OUTER COVERINGS 


A test was made to determine the abil- 
ity of duck tape, applied over the outer 
lead-sheath reinforcing tapes of an un-_ 
armored compression cable, to withstand 
the friction incident to pulling this type 
of cable into steel pipe. 


It was observed 


B—Armored compression cable 


A 


A—Unarmored 
cable 


compression 


tures of 83, 67, 48 and 23 degrees centi- 
grade, respectively. The maximum re- 
straining force required to prevent longi- 
tudinal movement during the thermal 
transition period was 475 pounds, which 
dropped to 350 pounds when the steady- 
state temperatures were reached, 

In view of the very small forces de- 
veloped by the cabled conductors, a simi- 
lar test was made on the same type of 
cable, in which the conductors were not 
cabled or bound together in any manner. 
The final restraining force was 3,000 
pounds, with a maximum of 3,500 
pounds reached during the transition 
period, for a final conductor temperature 
rise of 66 degrees centigrade. 

The cable sample above described was 
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Figure 1. Layout of experi- 
mental installation 


from laboratory tests that very thin tape 
was damaged in moving through the pipe 
even in a short distance of 50 feet. One 
of the samples used for test was covered 
with a 20-mil duck tape with salvage. 
This sample was pulled in and out of the 
pipe until parts of the sample had been 
subjected to the same amount of abrasion 
as would have been received if the cable 
had been pulled through a 2,000-foot sec- 
tion of pipe. Examination of the sample 
showed that the heavy duck tape was un- 
injured. 


Experimental Installation 


GENERAL LAYOUT 


The experimental circuit of the com- 
pression cable, shown in Figure 1, con- 
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isted of two cable sections each about 
700 feet long, one armored and one un- 
armored, installed in a welded steel pipe. 
The two sections were connected by 
eans of a joint, and their free ends were 
provided with terminals for parallel 
connection with an existing 120-kv over- 
head line. Suitable equipment was pro- 
vided for artificially loading the cable by 
circulating current through the two cable 
sections with the overhead line providing 
_ return path. 


THE Pree LINE 


_ Electrically welded steel pipe having 
-an outside diameter of seven inches and 

shipped in double random lengths was 
used for this installation. The ends of 
each length were expanded and beveled 
for use with chill rings. In the field gas 
welding was used, and the welds were 
tested at 500 pounds per square inch air 
pressure. 

The terminal ends were housed in 35/s- 
inch outside diameter 0.120-inch wall 
copper pipes which were fitted and wiped 
into the trifurcating heads on the ends of 
the steel pipe line. 

The pipe system was provided with 
nitrogen feeding equipment consisting of a 
standard cylinder of oil-pumped nitrogen 
and a gas-pressure regulator with pressure 
gauges. The line was equipped with a 
low gas-pressure alarm set for a pressure 
of 150 pounds per square inch. 


THE EXPANSION BEND 


An expansion bend was installed near 
the end of the armored cable in order to 
protect the joint between the armored 
and unarmored compression cables from 
the longitudinal thrust exerted by the 
armored cable. Figure 2 shows the ex- 
pansion bend used in this installation, 
which was made of 12-inch steel pipe with 
reducers on both ends. The usual prac- 
tice abroad is to use an expansion bend 
on each side of the joint. 


CORROSION PROTECTION COVERINGS 


The pipe on the unarmored compres- 
sion cable was given a coating of a ma- 
terial used extensively for pipe covering. 
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Figure 2, Expansion 
bend for armored 
compression cable 


This coating, designated as coating A, 
consisted of: a hot application of wax, a 
spiral wrapping of reinforced asbestos, a 
hot application of a service coat incor- 
porating natural asphalt, a spiral layer 
of a single membrane wrapper, and a 
spiral wrapping of heavy kraft paper. 
The wax was an adherent coating, chemi- 
cally and mechanically fortified. 

On the armored section concrete was 
applied around the pipe in the trench to a 
minimum thickness of three inches. 


CABLE DESIGN 


The armored cable was of conven- 
tional design as used abroad. The three 
650,000-circular-mil Compack oval con- 
ductors were shielded and insulated with 
500 mils of impregnated paper. The in- 
sulation on each conductor was shielded 
and covered with 85 mils of lead. There 
was applied over each sheath three paper 
tapes, two reinforcing bronze tapes, and 
two saturated cotton tapes. This as- 
sembly was cabled with saturated jute 
fillers and covered with a heavy saturated 
duck tape, jute bedding and galvanized 
steel-wire armor. 

The individual legs of the unarmored 
cable were of the same construction as 
those in the armored cable, with the addi- 
tion of two 30-mil presaturated canvas 
tapes. These legs were cabled without 
fillers or further finish. Figure 3 shows 
a sectional view of the unarmored com- 
pression cable installed in a steel pipe 
having an outer protective covering. 


ANCHORING OF THE CABLES 


The armored compression cable was 
anchored at two points: 


1. At the joint with the unarmored cable, 
to prevent the joint from being moved by 
the expansion of the cable. Due to proxim- 
ity of the expansion bend no large forces 
were involved. 


2. Ata point approximately 40 feet from 
the terminal end the armor wires were so 
anchored as to withstand large longitudinal 
forces in either direction. The expansion 
occurring in the 40-foot section was calcu- 
lated to be negligible and would be taken up 
by the bend of the cables in the riser pipes. 
Therefore, at the joint between the terminal 
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ends and the armored cable the armor 
wires were simply bound in place. 


With the above arrangement of anchor- 
age, a longitudinal movement roughly 
equal to that obtained in a 1,400-foot-long 
armored compression cable will take place 
in the direction of the expansion bend and 
joint between the armored and unarmored 
compression cables. To observe this 
movement a removable sight glass with 
reference mark was installed in the pipe 
near the end of the expansion bend as well 
as at other points in the line where such 
observation would be of use. The cable 
under each sight glass was equipped with 
a graduated scale which was fitted in 
proper position after the cable was placed 
in its final location. 


NORMAL JOINTS 


Figure 4 shows the normal joint used 
between the armored and unarmored sec- 
tions of cable. Figure 5 shows the de- 
tailed design for each phase. 

The design of the normal joint is of par- 
ticular interest, because it achieves the 
connecting of two sections of cable with- 
out any appreciable structural change at 
the point of joining. The design results 
in a joint that is simple, reliable, and of 
very small diameter, yet similar in con- 
struction to those used on high-voltage 
single-conductor solid-type cables. Very 
little schooling is therefore necessary for 
splicers well-versed in solid-type cable 
jointing to enable them to construct this 
joint. Diaphragm action takes place 
along the joint in a manner similar to that 
of the cable. 

Soldered-type countersunk copper con- 
nectors were used with an outside dimen- 
sion the same as that of the cable con- 
ductor. Semiconducting tapes were used 
to shield the connectors and applied so 
as to make good contact with the con- 
ductor shielding tapes. Long pencils 


Figure 3. Sectional view of unarmored com- 
pression cable installed in steel pipe having an 
outer protective covering 
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Figure 4. Normal joint between armored and 
unarmored sections of compression cable 


were made on the factory insulation by 
tearing each tape individually at points 
one-eighth inch apart. Impregnated- 
paper tapes were tightly applied, butt- 
lapped, and wrapped in the same direc- 
tion, until the thickness of the hand- 
applied insulation exceeded that of the 
factory insulation by 20 per cent. Shield- 
ing braid was applied over the insulation. 
The diameter was so made that it required 
considerable force to draw the oval sleeve 
over the joint core. The joint core was 
coated with cable oil before forcing the 
sleeve in place. This made the sleeve over 
the joint insulation fit as snugly as the 
regular sheath over the factory-applied 
insulation. The sleeve was then beaten 
down at the ends and wiped to the cable 
sheath. It was then reinforced with 
brass tapes similar to the reinforcing on 
the cable proper. After the individual 
joints were completed, they were tied 
together, the steel joint casing pulled over 
and welded in place. 

Laboratory tests had been made pre- 
viously on two joints of this design. The 
man making these joints had had no pre- 
vious experience in making paper-taped 
joints other than a single similar practice 
joint. The voltage program as specified 
in the Association of Edison Illuminating 
Companies Specification for Oil-Filled 
Cable was used with the time reduced 
for the first step to 11/2 hours, and the 
20 per cent increase in voltage every 
three hours obtained in small steps every 
ten minutes instead of one large step at 
three-hour intervals. Breakdown volt- 
ages, expressed in volts per mil of cable in- 
sulation, of 436 and 445 were obtained. 
In both joints the breakdown was radial 
and over the connector; there were no 


other signs of stressing. These results 
compared favorably with values obtained 
on standard normal oil-filled cable joints 
of this voltage class. These laboratory 
values are probably very conservative as 
compared with what might be expected 
from the field joints where a more nearly 
circular connector was used, and where 
the tapes were applied with greater tight- 
ness by experienced splicers. 


TERMINALS 


Figure 6 shows the design of the ter- 
minals used on the experimental line. 
These terminals have a brass-fitted bake- 
lite stop-tube assembly of sufficient 
strength to withstand the high internal 
operating pressure of the cable oil. This 
stop-tube assembly ends in a stem at the 
upper end and a flange at the lower end. 
The porcelain insulator, with a barrier 
assembly and stress cone, metal rings at 
top and bottom, and an insulator cap, is 
placed over the stop tube and bolted to 
the flange. The space between the stop 
tube and the porcelain is filled with oil. 
The terminal is essentially the same de- 
sign as that used for oil-filled cable with 
the addition of the stop tube. 


COMPENSATORS 


Compensators were used in order to 
allow for the expansion and contraction 
of the impregnating oil contained in the 
rigid stop tubes of the terminals, and 
thereby prevent overworking the sheath 
near the ends of the compression cable. 
The compensator may be described as a 
flexible membrane in a housing which is 
capable of withstanding 200 pounds per 
square inch pressure. The membrane 
separates the housing into two chambers; 
one containing oil is in direct communi- 
cation with the inside of the stop tube, 
and the other containing nitrogen is con- 
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nected to the pipe line. Expansion of the 
oil in the stop tube and cable due to in- 
creasing temperature is accommodated by 

the movement of the membrane which is 

spring-loaded to provide a characteristic 

similar to that of the cable sheath. Dur- 

ing cooling the process is reversed, and 

thus complete impregnation of the ter- 

minal at all times without appreciable 

interchange of oil between the terminal 

and cable is insured. One compensator 

is connected to each terminal. 


INSTALLATION 


Methods usually employed for pulling 
cables into ducts were readily adapted to 
the installation of the compression cable 
in the steel pipe. At the start of the in- 
stallation of the armored compression 
cable, high pulling stresses (16,000 
pounds) were experienced on the pulling 
line when it passed around the expansion 
bend located at the pulling end of the sec- 
tion. As soon as the armored cable 
started to pass through the expansion 
bend, the pulling stresses on the line be- 
came normal. 

A maximum pull of 7,800 pounds was 
experienced during the installation of the 
unarmored cable. This corresponds to a 
coefficient of friction of about 0.54. For 
future installation of unarmored com- 
pression cable where an even lower pull- 
ing stress is desired, a half-round copper 
wire wound over the fabric tapes of the 
individual cables can be employed. 

In order to determine the effect on a 
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Figure 6. Terminal for 120-ky compression 
cable 


ELECTRICAL ENGINEERING 


contact with the insulation, the lead 
sheath of one phase of the unarmored 
sable was perforated with holes approxi- 
mately one-eighth inch in diameter at 
25-foot intervals throughout its length. 
Before the cables were pulled into their 
respective pipe sections, the piping was 
dried with hot air. After the cable was 
nstalled the pipe was evacuated and then 
led with nitrogen at a low positive pres- 
sure. With the help of temporary seals, 
this nitrogen was kept in the pipes until 
the cable-splicing operations were com- 
pleted, at which time the pipe was filled 


ee 


in this installation withstood without 
failure impulse voltages up to 900 ky 
(the capacity of the generator). This is 


.well above the 138-kv insulation level. 


Field Tests 


After the installation had been com- 
pleted the cable was subjected to repeated 
load cycles, and periodic measurements 
were made of the power factor and move- 
ment of the cable within the pipe. 

During the time that the cyclic load- 
ing tests were in progress (a little over 
five months), the cable line was subjected 
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Figure 7. Curves of power factor versus 
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with nitrogen gas at a pressure of approxi- 
mately 200 pounds per square inch. 
The nitrogen used was oil-pumped, guar- 
anteed to contain less than 0.3 per cent 
oxygen and 0.03 per cent water. 


TESTS ON THE CABLE BEFORE 
INSTALLATION 


As the compression cable before in- 
stallation is essentially a standard solid- 
type cable, routine factory acceptance 
tests, usually performed on solid-type 
cable of similar insulation thickness, were 
considered adequate for detection of 
nonuniformities. The impulse strength 
of compression cables had been deter- 
mined by previous tests,? and calcula- 
tions showed that this cable would fail 
at a voltage in the neighborhood of 1,100 
kv. A sample of compression cable used 


SEPTEMBER 1942, VOL. 61 


to 54 load cycles with load on for 21/, 
hours and load off for 2!/. hours, and 
249 load cycles with load on for 4 hours 
and load off for 4 hours. In addition, a 
number of cycles was used in which the 
load was applied for durations ranging 
from approximately 13 hours to 190 
hours. During the majority of the load 
cycles, the current ranged from 500 to 
550 amperes (or 10 to 20 per cent above 
the nominal 95,000-kva rating of the 
line); during others, particularly those of 
the longer duration, the currents ranged 
from 460 to 510 amperes. 

The first few heating cycles produced a 
movement of seven-eighths inch in the 
armored cable at the entrance to the ex- 
pansion bend over 613 feet of cable and a 
slight initial adjustment of position of the 
unarmored cable. Subsequent heating 
and cooling cycles produced a cumulative 
33/,-inch movement of the armored cable 
and no appreciable movement (one- 
eighth inch) of the unarmored section, 
This indicated that without armoring, the 
cables would absorb the longitudinal 
movement, thus making expansion bends 
unnecessary. During the recent cold 
season and without load, the armored 
cable has returned to its original position. 

Power-factor measurements were made 
on each conductor of the two connected 
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sections at voltages from 20 kv to 100 
kv to ground. An initial set of measure- 
ments was made before starting the load 
cycles, and subsequent measurements 
made at intervals during the period that 
the cable was under test. It was not prac- 
tical to obtain the power factor of the test 
cable at elevated temperatures due to the 
relatively long time necessary to switch 
the test cable out of the circuit and con- 
nect up the power-factor measuring 
equipment. The measurements were 
made after the cable had been de-ener- 
gized for a period of 15 hours or more. 

These power-factor measurements as 
obtained on one of the conductors are 
shown in Figure 7, There was no signifi- 
cant difference in the measured values 
for the different conductors, It will be 
seen that there is a slight decrease in 
power factor in the later readings which 
were at slightly higher temperatures than 
the initial set. 

No noticeable difference in power fac- 
tor was apparent in the phase with holes 
in the sheath as compared to the other 
two phases. However, this cable has not 
been operating long enough to prove this 
point definitely. 


Summary 


1. Methods normally used for pulling 
cables into ducts can readily be adapted to 
the installation of compression cable in steel 
pipe. 

2. Conditions in this country make it pos- 
sible to eliminate the armor which is used 
on compression cable abroad. 


3. By cabling the individual lead-covered 
and reinforced conductors with a suitable 
lay, longitudinal expansion becomes of no 
practical importance, and expansion bends 
as used abroad can be eliminated. 


4. Diaphragm action of the lead sheath 
when in nitrogen shows indefinite life under 
simulated operating conditions. 


5. Compression cable is well suited for 
handling loads in the range of 100,000 kva. 


6. The experimental installation which has 
been installed for approximately one year 
shows no deterioration of the insulation even 
on the phase with the lead sheath perforated 
every 25 feet. 
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HIS paper deals with the theory, 

manufacture, and testing of high-pres- 
sure gas-filled cable and describes an ex- 
perimental installation by the Detroit 
Edison Company in co-operation with the 
General Cable Corporation and a subse- 
quent commercial installation on the 
Detroit Edison system. 

While high-pressure gas-filled cable has 
been in successful operation in England, 
these are the first experimental and com- 
mercial installations in the world of this 
type cable in a steel pipe. The installa- 
tion of such cable in a steel pipe involves 
the removal of the lead sheath in the field, 
thus exposing the insulation to the at- 
mosphere and to the possibility of me- 
chanical injury during installation. Since 
the effect of such conditions is difficult to 
determine in the laboratory, the experi- 
mental installation was made. 

The commercial line was subsequently 
installed on the Detroit Edison System 
and put in operation on December 31, 
1941. This line is seven miles long and 
designed to transmit 95,000 kva continu- 
ously at 120 ky. 


Experience Abroad 


High-pressure gas-filled cable has been 
in successful operation in England since 
1937 at which time installations of cable 
of this type were made for operation at 
33 kv and 132 kv. Today there are ap- 
proximately 25 conductor miles in suc- 
cessful operation at voltages ranging from 
33 kv to 132 kv and at pressures from 50 
to 225 pounds per square inch. These 
cables! are equipped with lead sheaths 
reinforced so as to withstand the operat- 
ing gas pressure. 

The high-pressure gas-filled cable makes 
effective use of the well-known fact that 
the dielectric strength of gas increases 
very greatly with pressure. The great 
gain possible by the use of high gas 
pressure in cable insulation has long been 
recognized. However, it was not until a 
more complete knowledge of other facts 
became available that effective use could 
be made of this principle. 

The low permittivity and dielectric loss 
of unsaturated paper made the use of this 
dielectric seem most promising. Many 
of the expected results were realized in 
cables made in this way; dielectric losses 
were very low, and there was no ioniza- 


658 TRANSACTIONS 


H. W. COLLINS 


ASSOCIAEE AIEE 


FELLOW AIEE 


tion at voltages well above operating 
voltage. However, the short-time and 
impulse breakdown voltages were very 
low. Since there was no measurable 
ionization at voltages just below failure 
it seems that complete breakdown in such 
a cable follows promptly after the small- 
est amount of ionization. 

An entirely satisfactory solution of the 
problem has been found by combining 
several features. The use of high- 
density low-porosity paper presaturated 
with a high-viscosity compound has 
eliminated the quickly destructive effect 
of ionization produced by overvoltage. 
These features, together with shielding of 
the conductors as advocated by two of 
the authors for all very high-voltage 
cable,? and with the use of very thin tapes 
near the conductors, have resulted in ob- 
taining an insulation entirely free from 
ionization up to about twice operating 
voltage and a dielectric strength (short- 
time or long-time) in the same range as 
for oil-filled insulation. Perfection of 
methods of drying and saturation, the use 
of a saturant of very low loss, and the pre- 
vention of moisture absorption during 
taping have also resulted in extremely 
low dielectric loss and a high degree of 
uniformity throughout the thickness of 
the insulation. 

Two different types of saturant have 
been used abroad. In the earlier ones, 
the saturant contained a very large per- 
centage of rosin and had a very high vis- 
cosity. However, it also had a high power 
factor and for this reason was not con- 
sidered entirely satisfactory. In later 
cables the saturant has been petrolatum. 
This has a low loss and does not migrate 
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at a temperature below its melting point 
of 50 or 55 degrees centigrade, but does 
become very fluid at temperatures at 
which cables may operate in this coun- 
try. Thus neither of these saturants was 
entirely satisfactory particularly for a 
pipe cable installation, The saturant 
used in the Detroit cables has a very high 
viscosity, possesses extraordinarily good 
stability, and gives a cable of as low di- 
electric loss as for the best of modern 
power cables. The good results obtained 
on these cables are attributable in no 
small part to the development and use of 
this saturant. 

The value of the very thin tapes and of 
the conductor shielding lies primarily in 
the increase of specific dielectric strength 
of gas in very thin films. Because of the 
lower dielectric stress farther from the 
conductor, the thin tapes are required 
only near the conductor. Thus by grad- 
ing the paper-tape thickness, the same di- 
electric strength is secured for the cable 
as if all the paper were thin; at the same 
time there is secured greater freedom in 
the penetration of gas and more rapid 
equalization of the pressure through the 
insulation wall. Moreover, the resulting 
cable withstands without damage the nor- 
mal bending in manufacture and installa- 
tion, as it could not do so fully if made en- 
tirely of the thinnest paper. 

Nitrogen has been selected as the pres- 
sure medium, because of its good dielec- 
tric properties, its complete inertness with 
respect to the materials used in the cable, 
and its commercial availability with low 
moisture and oxygen content. 


The SMD Type Cable 


The previous paragraphs dealt with the 
basic principles behind the high-pressure 
gas-filled cable and apply to this type 
cable as manufactured in England and to 
the pipe type of cable manufactured in 
this country and hereafter designated as 
SMD type. The difference in construc- 
tion is in the outer enclosure. Abroad a 
reinforced lead sheath is used over the in- 
sulated conductors to provide this gas- 
tight enclosure. An additional lead 
sheath is usually employed to protect the 
reinforcements. The SMD type of high- 
pressure gas-filled cable retains the essen- 
tial insulation of the reinforced lead- 
sheath type but does away with the per- 
manent lead sheaths as used abroad. All 
three phases of even the largest-size 
cables are installed in one common pres- 
sure chamber. This pressure chamber is 
a steel pipe which is in itself gas-tight, 
and which is designed to withstand the 
required pressure. A lead sheath which 
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es as a protective covering during 
ipment and storage is removed as the 
es are installed. : 
hile the insulation of the SMD type 
ble is the same as for the reinforced 
eath type, the removal of the lead 
sheath requires that a covering be placed 
over the insulation for protection during 
tallation. In the cable used in the ex- 
‘imental line this was accomplished by 
the application of a strong canvas tape 
over the insulation shielding tapes. The 
cable for the commercial line was manu- 
factured with a half-round copper wire 
over the canvas tape to increase the me- 
chanical protection and reduce the coefii- 
cient of friction between the cable and 
ipe. 
. Since the installation of this type of 
able requires the removal of the lead 
sheath in the field, the exposure of the in- 
sulation to the atmosphere, and the pos- 
sibility of mechanical injury during in- 
stallation, it was felt that an experimental 
stallation was essential to demonstrate 
the practicability of installing this type 
of cable in a commercial line. 

While the superiority of insulation 
made with graded tapes of five mils and 
less was recognized, the question of 
whether or not an insulation built from 
papers of standard thickness, five mils or 
over, would be satisfactory was raised. 
To obtain an answer to this question, it 
was decided to employ all five-mil tapes 
in the SMD type cable used in the experi- 
mental line. The five-mil thickness was 
used to facilitate taping and to depart as 
little as possible from the standard practice 
used in the manufacture of power cables. 
In the cables built subsequently for the 
commercial SMD line, grading of paper 
thickness was employed, thus conforming 
to the practice abroad. 


Manufacture 


The cable in the commercial installa- 
tion was of the following construction: 
single conductor 600,000 circular mils con- 
centric round strand, 600 mils preimpreg- 
nated wood-pulp paper of graded thick- 
ness from 21/; to 5 mils, two metal-faced 
paper tapes applied next to the conductor, 
and two metal-faced tapes over the in- 
sulation (all metal-faced tapes included 
in the 600-mil wall thickness), bronze 
shielding tape intercalated with a satu- 
rated muslin tape, one 20-mil paraffin 
saturated tape, one half-round 200- by 
100-mil copper wire applied in open spiral, 
and a 94-mil temporary lead sheath. 
Figure 1 shows a sectional view of this 
cable installed in the steel pipe having 
an outer protective covering. 
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Before being applied to the cable, the 
paper tapes were dried and saturated with 
an oil having a viscosity of 3,000 seconds 
Saybolt Universal (50 centipoises) at 100 
degrees centigrade, The preimpregnated- 
paper tapes were wrapped on the conduc- 
tor in a standard taping machine and in 
the usual manner, except that the entire 
machine was enclosed in a room where in 
the relative humidity was maintained 
below 20 per cent regardless of outside at- 
mospheric conditions. This humidity 
control, together with precautions taken 
during impregnating, handling, and stor- 
ing, greatly reduced the moisture content 
in the finished cable. 

The cable for the experimental installa- 
tion differed from the above only in the 
omission of the half-round copper wire, 
the use of five-mil paper tapes through- 
out, and the application of paper tapes 
without humidity control. 


Specification 


SMD type cable may be tested in ac- 
cordance with the Association of Edison 
Illuminating Companies Specification for 
Oil-Filled Cable, provided that during the 
electrical tests an internal nitrogen pres- 
sure of 30 pounds per square inch is 
maintained on commercial lengths and 
225 pounds per square inch on samples. 
The temporary lead sheath on the com- 
mercial lengths should, of course, be of 
sufficient strength to withstand this pres- 
sure. 


Experimental Installation 


The experimental circuit of SMD type 
cable consisted of one section of cable of 
approximately 700 feet in length with 
normal joints at each end connecting to 
the terminal end cables. Terminals were 
provided at each end for connection with 


Sectional view of SMD type cable 
installed in a protective-coated steel pipe 


Figure 1. 
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an existing 120-kv overhead line. The 
cable was installed inaseven-inch-outside- 
diameter welded steel pipe having a wall 
of 0.231 inch and filled with nitrogen gas 
at a pressure of approximately 200 pounds 
per square inch, The pipe section housing 
the cable was provided with manholes at 
each end at which points sight boxes 
were provided for observing cable move- 
ment, 

Two different types of protective cover- 
ings were applied to the pipe. About half 
of this 700-foot section was covered with a 
coating of plasticized coal-tar enamel. 
Joints in the pipe were hand-coated with 
the same material. The balance of this 
section of pipe was covered with Somas- 
tic. This material consists of a primer 
coat over which was extruded, hot, a half 
inch of asphalt mastic material. 

The joints and terminals were of the 
same general design as used on the com- 
mercial line and are described hereafter. 

Since it was desirable not to expose the 
insulation to the atmosphere any longer 
than necessary, a mechanical stripping 
device was designed which folded the lead 
sheath back as the cable was pulled into 
the pipe. V-shaped grooves were made 
in the lead sheath during the lead cover- 
ing process in order to facilitate stripping. 
It was found, however, that scoring of the 
lead sheath by hand in the field was still 
necessary, and that mechanical stripping 
increased the pulling stresses consider- 
ably. It was thus unnecessary to score 
the lead at the factory, as scoring in the 
field was all that was required to facilitate 
this operation. 


Field Tests 


Measurements were made after the in- 
stallation had been completed in order to 
determine what effect cyclic loading of 
the cable would have on the power factor 
of the insulation and what movement of 
the conductors would take place. 

The cable which was connected to the 
120-kv overhead line was subjected to 
load cycles by the circulation of current 
through the conductor with the overhead 
line acting as the return path. During the 
first 54 cycles the load was on for 21/2 
hours and off for 2!/, hours. This was 
followed by 249 cycles of longer duration 
with the load on for 4 hours and off for 4 
hours. In addition there were a number 
of cycles in which the load was applied for 
durations ranging from 13 to 190 hours. 
For the majority of the load cycles the 
current ranged from 500 to 550 amperes 
(or 10 to 20 per cent above the nominal 
95,000-kva rating of the line). The 
maximum change in copper temperature 


TRANSACTIONS 6599 


VOLTAGE - KILOVOLTS 


Figure 2. Curves of power factor versus voltage 
for experimental installation 


Cable Temperature 
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that occurred during this period of load- 
ing was 58 degrees centigrade. 

The above load cycles produced only a 
slight initial adjustment in the position of 
the cable, and no further movement of 
the cable occurred thereafter. This indi- 
cates that there is sufficient space in the 
pipe to absorb the longitudinal thermal 
expansion. 

Power-factor measurements were made 
on each of the three conductors at volt- 
ages from 20 kv to 100 kv to ground. An 
initial set of measurements was made be- 
fore loading and repeated at intervals 
during the period that the cable was being 
subjected to the loading cycles. The 
measurements were made after the load 
had been removed from the cable for a 
period of 15 hours or more. It was not 
feasible to obtain power-factor measure- 
ments at elevated temperatures, since it 
required a relatively long time to switch 
the experimental cable out of the circuit 
and connect up the power-factor meas- 
uring equipment. 

The power-factor data as obtained on 


Figure 3. Cell for measuring thermal resistivity 
of soil 


Ceramic tube wound with Chromel wire to 
dissipate 200 watts at 120 volts 


one of the conductors are shown in Fig- 
ure 2, There was no significant difference 
in the measured values for the different 
conductors. It will be noted that the 
later power-factor values are noticeably 
lower than the earlier ones. The first tests 
were made at 2.6 degrees centigrade, and 
the last one at 27.7 degrees centigrade. 
This is entirely consistent with laboratory 
data, which show that in the lower range 
of temperatures the power factor of the 
insulation decreases as the temperature 
increases. These measurements show no 
evidence of deterioration of the insulation. 


Soil-Resistivity Measurements 


During the period that tests were being 
conducted on the experimental installa- 
tion, soil-resistivity measurements were 
made for use in designing the commercial 
line. Measurements were made to deter- 
mine the thermal resistivity of the earth 
under varying seasonal conditions and 
for different types and conditions of soil. 
A cell was used consisting of a copper 
cylinder twelve inches long and three 
inches in outside diameter, with a one- 
eighth-inch wall, and equipped with an 
internal electric-heating element. This 
heater was capable of dissipating 200 
watts at 120 volts, uniformly over the 
walls. A  copper-constantan thermo- 
couple was embedded in the mid-point of 
the cylinder wall. The general construc- 
tion of this cell is shown in Figure 3. 

This cell was buried vertically in the 
ground; the heater supply and thermo- 
couple leads were brought out to a con- 
venient point. Means were also provided 
for measuring the ambient earth tempera- 
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ture nearby. Sufficient energy was sup- 
plied to the heater element to cause a 40- 
to 50-degree-centigrade rise between 
cylinder wall and ambient earth. For the 
soils so far tested an input of 50 watts has 
been necessary. ; 

The earth thermal resistivity (in de- 
grees centigrade per watt per centimeter 
cube) may be computed from the formula 
g=(128/W)(T:—T2): when W = watts 
input, 7,;=temperature of cylinder wall, 
and 7,=temperature of ambient earth. 
This formula is empirical and was derived 
by comparison with the results obtained 
from such a cylinder with those obtained 
with a sphere.* 

Figure 4 shows values of resistivity for 
three types of soil encountered along the 
route of the commercial line, as well as 
the variations in resistivity that are 
caused by the changes in moisture con- 
tent during the different seasons of the 
year. 

Tests with the thermal resistivity cell 
at what will probably be the locality 
where the soil has the highest thermal 
resistivity along the commercial line (in 
fine sand) show maximum average values 
of 120 during the dry season. In other 
areas where loam prevails, maximum av- 
erage values of 95 and 75 were measured 
during the dry and wet seasons, respec- 
tively. Corresponding measurements 
where heavy clay prevails show resistivi- 
ties of 105 and 95, respectively. 


Commercial Line 


GENERAL LAYOUT 


The commercial line consists of a seven- 
mile circuit installed under paved city 
streets. The cable used has previously 
been described under ‘Manufacture’ 
and was shipped and installed in lengths 
of approximately 1,500 feet. The pipe 
line consisted of seven-inch steel pipe 
protected from corrosion by means of 
Somastic pipe covering. The line is sec- 
tionalized by stop joints, one near each 
termination and four at intermediate 
points, thus dividing the line into five ap- 
proximately equal sections. These stop 
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Figure 4. Seasonal soil-resistivity curves 
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Figure 5. Normal joint for SMD type cable 


joints are provided so that if repairs to the 
steel pipe are required, because of cor- 
rosion or for other reasons, it will be neces- 
sary only to discharge the nitrogen from 
the section involved. Sectionalizing the 
line also facilitates the location of a gas 
leak in the steel pipe if a leak should occur. 
In normal operation the stop joints are 
by-passed by a pipe containing a valve 
which may be closed for sectionalization. 
Nitrogen tanks were connected through 
pressure regulators to the ends of the pipe 
to take care of any leakage. A low pres- 


_ sure alarm was installed to operate when 
_ the gas pressure drops to 150 pounds per 


- square inch. 


INSTALLATION 


The temporary lead sheath was scored 
and stripped by hand, as the three cables 
were pulled as a unit into the steel pipe. 
No difficulty was encountered in pulling 
these 1,500-foot lengths. The maximum 
pulling stress that occurred on any of the 
sections was 7,200 pounds which cor- 
responds to a maximum coefficient of fric- 
tion of 0.37. 

For a distance of approximately 15 feet 
on each end of the cable sections, the 
lead sheaths were allowed to remain to 
facilitate making the joints, and to permit 
sealing the cables in the steel pipe during 
installation. The cables were sealed in 
the pipe by means of trifurcating heads, 
which consisted of a flange and gasket 
bolted to the pipe ends and three lead 
nipples wiped to the cable sheaths. 

Previous to pulling in the cable, each 
section of pipe line between manholes was 
tested for leaks with 500 pounds per 
square inch air pressure for 24 hours. 
The pressure was then released, and the 
pipe filled with dry nitrogen gas at a pres- 
sure of 5 to 10 pounds per square inch. 
This pressure was maintained until the 
cable was pulled. After the cable was 
pulled, the ends of each section were 
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sealed by means of the trifurcating heads, 
and dry nitrogen gas admitted at a pres- 
sure of 5 to 10 pounds per square inch. 
After each section between stop joints 
was completed, it was evacuated. When 
all sections of the line were completed, the 
line as a unit was filled with dry nitrogen 
gas at 200 pounds per square inch. 


NORMAL JOINTS 


The normal joints, shown in Figure 5, 
are essentially the same in the experi- 
mental and commercial lines and were 
hand-taped with presaturated paper. 
Soldered-type countersunk copper con- 
nectors having a diameter the same as 
that of the cable conductor were used. 
These avoid the regions of high stress 
that occur near the ends of standard con- 
nectors. Stress control was further im- 
proved by the use of semiconducting 
tapes for shielding the connectors. These 
tapes were applied so as to make good 
contact with the conductor shielding 
tapes. Long pencils were made on the 
factory insulation by tearing each tape 
individually at points approximately one- 
eighth inch apart. The paper tapes were 
applied butt lap to a thickness 20 per cent 
greater than that of the factory-applied 
insulation. 

The hand-applied insulation was 
tapered at the ends of the joint by tearing 
the successive tapes at points 9/15 inch 
apart. The joint was completely shielded 
with tinsel copper braid. Special rubber 
sleeves were temporarily pulled over the 
completely insulated and shielded joints 
to protect them against dirt and moisture 
and to permit maintaining low gas pressure 
on the insulation. The ends of these rub- 
ber sleeves were sealed with rubber tape 
to the short sections of lead sheath left on 
the cable ends. After all three joints were 
completed, the rubber sleeves were re- 
moved, the wipes at the trifurcating 
heads melted off, the trifurcating heads 
moved two inches from the pipe ends and 
the wipes remade. This procedure per- 
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Figure 6. Stop joint 
for SMD type cable 
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mitted entrance of gas into the joint 
casing and anchored the cables at the 
joint. The enlarged section of pipe form- 
ing the joint casing was then pulled over 
the joint and welded in place. : 


Stop JoInts 


The stop joint, shown in Figure 6, is 
essentially the same as those used for 
oil-filled cable. The stop tubes have 
somewhat greater wall thickness to give 
strength to withstand safely a differential 
pressure of 225 pounds per square inch. 
At one end the three stop tubes are sealed 
to a diaphragm through which the cables 
pass. This diaphragm is sealed to the 
outer joint casing. The condenser unit 
for each of the three individual joints is 
similar to the condenser for oil-filled cable 
except that it is wound with preimpreg- 
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Figure 7. Terminal for SMD type cable 


nated paper, and no individual oil-tight 
outer sleeves are used. This allows the 
gas to come into direct contact with the 
insulation of the condenser, thus improv- 
ing its dielectric strength in the same 
manner as for the cable proper. 


TERMINALS 


The terminals used on both the experi- 
mental and commercial lines have a brass- 
fitted bakelite stop-tube assembly similar 
to those used in the stop joints but of 
greater length. This stop tube assembly 
ends in a stem at the upper end and a 
flange at the lower end. The porcelain 
insulator, with a barrier assembly and 
stress cone, metal rings at top and bot- 
tom, and an insulator cap, is placed over * 
the stop tube and bolted to the flange. 
The space between the stop tube and the 
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Figure 8. lonization tests at different gas 
pressures on 600,000-circular-mil cable with 
600-mil insulation 
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porcelain is filled with oil. Thus the ter- 
minal is essentially that used for oil- 
filled cable with the addition of the stop 
tube. The terminals are installed in a 
manner similar to single-conductor ter- 
minals on oil-filled or solid-type cables. 
Figure 7 shows the design of these ter- 
minals, 


MANHOLES 


The 24 normal and 6 stop joints were 
housed in manholes having brick walls, 
concrete floors, rail-supported brick ceil- 
ings, two chimneys, and built-in pulling 
eyes. The normal joint manholes were 
12 feet long, 4 feet 9 inches wide, 5 feet 
high, and those housing the stop joints 
were 17 feet 10 inches long, 5 feet 6 inches 
wide and 5 feet high. Corrugated gal- 
vanized-iron culverts, concentric with the 
pipe, were used for storing the steel-joint 
casings out of the way of the splicers dur- 
ing construction. One such culvert was 
provided in the normal-joint manholes 
and two in the stop-joint manholes. 


Laboratory Tests 


POWER Factor VERSUS PRESSURE AND 
VOLTAGE 


The effect of different gas pressures on 
the power factor at different voltages is 
shown in Figure 8. This cable operates 
at approximately 70,000 volts to ground 
and was designed to show no measurable 
ionization at double working voltage, or 
140,000 volts, when under a nitrogen pres- 


sure of 225 pounds per square inch. In 
general, there was no appreciable ioniza- 
tion at 140,000 volts and 200 pounds per 
square inch. It is apparent also that at 
approximately 80,000 volts and 100 
pounds per square inch, no appreciable 
ionization occurs. Thus the minimum 
safe operating gas pressure for this cable 
is approximately 100 pounds per square 
inch. Ionization data on this lot of cable 
may be summarized as indicated in 
Table A. 


ComMPouUND MIGRATION 


The fact that this cable was to be in- 
stalled in a steel pipe without a lead 
sheath made it necessary to determine 
whether at high temperatures the im- 
pregnant would flow out of the paper into 
the pipe, or when installed vertically, 
the compound would flow longitudinally 
of the cable. If such migration would be 
harmful, the effect would become ap- 
parent from ionization tests. In Figure 9 
are curves showing ionization tests on a 
sample of cable after heating for 65 days 
at 100 degrees centigrade in an inverted 
U position, The sample in the bent posi- 
tion had an over-all height of 15 feet of 
which only a very small part was con- 
sumed by the storage of the small amount 
of drained compound at the lower ends 
in the space between the lead sheath and 
insulation. This offered as complete an 
opportunity for drainage as for a cable of 
any height. The cable was allowed to cool 
for eight hours each day for 38 of the 65 
days. Initially and also after 43 days’ 
heating there was no ionization at 140 kv 
and 225 pounds per square inch, but after 
65 days’ heating ionization started at 
130 kv. Thus it is safe to assume, since 
there was no change after 43 days’ heating 
at 100 degrees centigrade, and only a 
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Figure 9. lonization tests at different gas 


pressures on 600,000-circular-mil cable with 
600-mil insulation, after being heated for 65 
days at 100 degrees centigrade in an inverted- 


Table A U position 

Gas Pressure Voltage at Which = 
(Lb. Per Sq. In.) Ionization Begins Curve Pounds Per Square Inch 

ANDY UIs soy gndonnsoar Approximately 23 ky 

fe 7S RE eo ae Approximately 50 ky 

TOO MMMM 5 Sov stcectnn Gane 75-90 kv 

NS ORME Dots, svctsts> sfictsve race, dca = 100-120 ky 

PAO Bae 0 an Gadihcanngth ted CORR 120-140 kv 

PPP Fs eer PO OEE 140 kv or above 


662 TRANSACTIONS 


Faucett, Komives, Collins, Atkinson—High-Pressure Cable 


slight change after 65 days’ heating, that 
migration is not a problem at normal op- 
erating temperatures even in vertical runs. 


RADIAL PowER Factor 


It has been customary in the industry to 
measure radial power factor at 60 degrees 
centigrade. In order to exaggerate effects 
on power factor of small quantities of 
contaminants, notably moisture, radial 
power factor tests on SMD type cable 
were made at 80 degrees centigrade. The 
greater sensitivity of measurements at 
80 degrees centigrade, as compared with 
60 degrees centigrade, is markedly shown 
in Figure 10 where curves C and D show 
radial power factor at these respective 
temperatures. The sample of cable used 
for these measurements was an experi- 
mental section made before the procedure 
used in the construction of this type of 
cable had been perfected. 

Figure 11 shows the very high degree of 
correlation that exists between the power 
factor and moisture content. The radial 
moisture-content curve has been super- 
imposed on the radial power-factor curve, 
and the variations in the moisture con- 
tent are closely followed by variations in 
the power factor. These measurements 
were made on samples taken from the sec- 
tion of experimental cable mentioned as 
having been made before the manufac- 
turing technique was perfected. To ob- 
tain an accurate measure of moisture con- 
tent, groups of tapes were used instead 
of single tapes. Tests made on a number 
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Figure 10. Radial power factor on experi- 
mental and commercial cables 
A—New cable, “‘commercial,”” measured at 
80 degrees centigrade 


B—Same cable as A after 113 days at 100 de- 
grees centigrade 


C—New cable, “experimental,” measured at - 
80 degrees centigrade 


D—Same cable as C measured at 60 degrees 
centigrade 


E—Same cable as C after 99 days at 100 de- 
grees centigrade, measured at 80 degrees 
centigrade 
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Figure 11. Radial power factor and moisture 
content of experimental cable 


“experimental” 
cable, measured at 80 degrees centigrade 


B—Radial moisture content on “experimental” 
cable 


j C—Radial power factor on ‘‘commercial” 


cable, measured at 80 degrees centigrade 


of samples show that when the moisture 
content is below one half of one per cent, 
it has no significant effect on power factor. 
A very noticeable improvement in the 
80-degree-centigrade radial power factor 
took place after the room humidity was 
maintained below 20 per cent during the 
taping operations. This improvement 
is demonstrated by the comparison of the 
radial power factor curves A and C shown 
in Figure 11 for cable made before and 
after the adoption of humidity control. 


POWER FACTOR—-TEMPERATURE CHAR- 
ACTERISTIC 


Figure 12 shows a typical power factor 
versus temperature curve for SMD type 
cable made by the latest practice. This 
compares very favorably with the best of 
other types of cable insulation, including 
that used on oil-filled cable. 


TEMPERATURE STABILITY 


The temperature stability of the in- 
sulation is as important for SMD type 
cable as for other types. The excellent 
temperature stability of the cable made 
for commercial use is shown by curves A 
and B of Figure 10. Curve A shows the 
radial power factor at 80 degrees centi- 
grade for the new cable, and curve B 
shows the same characteristic on another 
sample of the same cable after 113 days at 
100 degrees centigrade. In both cases 
the power-factor curve is essentially flat 
for the full section of the insulation. The 
aged sample shows no indication of an in- 
crease in power factor; in fact, this sample 
shows a somewhat lower average power 
factor than the unaged sample. Other 
samples show no appreciable change in 
over-all power factor after aging for 162 
days at 100 degrees centigrade. Curves 


SEPTEMBER 1942, VoL. 61 


| 


C and E show a similar radial power- 
factor comparison of “experimental 
cable,” which was manufactured before 
moisture control was perfected. 


DIELECTRIC STRENGTH 


The results of dielectric-strength tests 
on thirteen 30-foot samples taken from 
the cable made for installation in the com- 
mercial line are shown in Figure 13. 
These samples were tested at a gas pres- 
sure of 225 pounds per square inch. There 
are shown, also, two tests on cable tested 
at 30 pounds per square inch pressure, one 
test on cable drained before voltage ap- 
plication, and one test on cable at high 
temperature. It will be observed that, for 
tests of a duration between about 1 hour 
and 100 hours, the approximate life to 
failure varies inversely as 7.5 power of the 
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Figure 12. Curves of power factor versus 


temperature 


A—SMD type cable “commercial” 
B—Typical for oil-filled cable 


voltage. There is little or no decrease of 
strength for periods above 100 hours. For 
petiods less than one hour the strength in- 
creases much less rapidly wjth decreasing 
time than in the range between 1 and 100 
hours. The fact that the dielectric 
strength for a period of a few hours is re- 
duced no more than about 10 to 20 per 
cent when tested at 30 pounds per square 
inch instead of 225 pounds per square inch 
is rather remarkable. Drainage under 
very severe conditions, that is, with the 
cable supported in an inverted U position 
and maintained at a temperature of 100 
degrees centigrade throughout the cross 
section for a period of 44 days, reduced 
the strength 10 per cent when tested at a 
voltage which produced failure in 125 
hours. The sample tested hot was held 
at 75 degrees centigrade by circulating cur- 
rent in the sheath of the cable for about 
1,250 hours. Voltage was maintained on 
it, while hot, for about 530 hours at values 
increasing from 120 kv to 165 kv. The 
result of this test was plotted as the 
equivalent of 108 hours at 160 kv. Even 
on this basis the test was rather better 
than the average of the cables tested with- 
out heating. It is also to be noted that 
the power factor at 75 degrees centigrade 
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remained at about 0.3 per cent throughout 
the test with no tendency to increase. 
Figure 8, which shows the power fac- 
tor versus voltage characteristic, gives a 
basis for understanding the high long- 
time strength of this insulation. For a 
given over-all average stress in the insula- 
tion, the actual stresses in the paper and 
in the oil are lower than in other types of 
insulation, because of low specific induc- , 
tive capacity caused by the gas spaces. 
Thus, as long as there is no break- 
down in the gas spaces, it is clear that 
long-time dielectric strength should be © 
at least as great as for the best of other 
types of insulation—namely oil-filled in- 
sulation, The ‘‘ionization’’ test is one of 
the best criteria of the beginning of ioni- 
zation in the gas spaces. It is recognized 
from extensive tests and engineering ex- 
perience that the effect of electrical stress 
in a gas changes sharply and completely 
at the beginning of ionization (ionization 
by collision). Above that stress the gas 
becomes a partial conductor. Even more 
serious than this is the effect of the bom- 
bardment of the solid and liquid insula- 
tion at the boundaries of the gas spaces 
in the gas. This bombardment produces 
“wax formation,” charring of the paper, 
“coring,” and ultimate breakdown. Be- 
low the ionization voltage, however, the 
stress has substantially no effect on the 
insulation, and, so far as the stress is con- 
cerned, the cable should last indefinitely. 
A great deal of information has been 
obtained by dissecting completely (un- 
winding) the entire length of these many 
test specimens. In the tests in which 
complete failure took place after more 
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Figure 13. Woltage—-time curve 


x—Test made at room temperature and 295 
pounds per square inch pressure 


o—Test made at room temperature and 295 
pounds per square inch pressure after the 
cable had been heated to 100 degrees centi- 
grade in an inverted-U position for 44 days 


@—Test made at 75 degrees centigrade and 
995 pounds per square inch pressure after 
1,250 hours at 75 degrees centigrade 


A—Tests made at room temperature and 30 
pounds per square inch pressure 
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than 24 hours, there were frequently 
found one or more partial failures. Be- 
cause of the small extent of the burning, it 
was possible to obtain from these partial 
failures very complete information as to 
their course. The different partial fail- 
ures were evidently of similar character 
but in different stages of development. 
They originated in the butt space of the 
‘tape next to the conductor, usually so 
close to an edge of the tape as to burn it 
slightly. When several of these partial 
failures in different stages were examined, 
some were found with only a few layers of 
paper punctured, the size of the hole in- 
creasing outwardly from the conductor. 
In the more advanced stages, the outer- 
most tapes were discolored (brown), 
usually to a diameter of 1/32 inch to 1/16 
inch, but sometimes to a diameter up to 
1/, inch. In still later stages, “tree de- 
sign” or ‘‘dandrites’” appeared at the tip 
of the advancing puncture. In later 
stages, these spread radially and out- 
wardly toward final failure. The brown 
spots were evidently an immediate fore- 
runner of the “‘tree design,” since the 
first appearance of both occurred when 


the penetration had reached about five 
per cent or ten per cent of the total in- 
sulation thickness. 

Elsewhere than at the complete and 
partial failures, the insulation seemed only 
slightly affected by the test. The odor 
(‘‘mouse-nest odor’’) which characteristi- 
cally accompanies insulation tested at high 
stress was prominent; but no other ef- 
fects were observed except that on rare oc- 
casions traces of wax were found. Several 
samples were tested after repeated bend- 
ing produced by rereeling 10 to 15 times 
around a drum having a diameter of 
about 16 times the cable diameter. These 
broke down at 140 kv after durations of 
31 to 70 hours. Examination showed that 
the insulation had been displaced by the 
handling. This displacement had resulted 
in regions of wide interturn gaps or val- 
leys between tapes (up to about 0.2 inch 
as compared with about 0.06 inch before 
bending) alternating with cross sections 
where these valleys were practically 
closed. This characteristic was sub- 
stantially uniform throughout any cross 
section. In most of these samples there 
were several partial failures. All failures 


Table |. Impulse Strength of SMD Type Cable for Various Constructions 
Construction 
Insu- Paper Tapes 
lation Break- Average Maximum 
Thick- down Gradient Gradient Thick- Saturant 
Sample ness No.of Voltage (Volts (Volts ness Den- Viscosity t 
No.** (Mils) Surges (Ky) Per Mil) Per Mil) No. (Mils) sity* or Type 
A-1 GOO mace We sags 680) See L 1SO ere as 1,500. 
A-2** , (OO merae ieee 580 Comer Os0: } a2 Ore Al pcan B. a 
S 40 Git Sasa 1.20....1,000 
B-1 600.2... Sh icons 900+ ames sr! Fe er 0.85... ..1,000 
B- BUD; con Bh voc SQUBEE oa eee 
2 DM cere Dre RUS AN SOS o EAM giice tebe eve 0.85... .3,000 
Gal 600M EEE tens? CLOM TOSCO . 1,615 30m wet 2 ora ROOM Petros 
latum 
C-2 G00 mr ss amined WLS: 1,190 . . 1,880 eee.) 2 Olmmaret ior n/a nares 1.00....Petro- 
latum 
C-3f GOO 1 ee 520 SOOM LG Oro) Bal 
ance..4..0) aie 0). Oe. eso, 000 
DN y.\.-F OOO Mets s Dieter: 900+ ....1,500+....2,355-+ 
Da ers OOOk en ee Giro siete 940+ ....1,565+....2,460+ 
=O revereis OOO ceeiers Oyen. 980-+-....1,6380-+....2,560+- 
DEM 5 og AGUS GAs Be sis 925+....1,5404+....2,420+4 
Bo ee ADD 5 5 5 Bis Geic 920--....1,530--....2,400-- 
DENBY Hana Oseacs Sinan: 900-+-....1,500-+-.....2;355-- LO ert) /2ancl 20ers O00 
D-14@ ...450..... Ve ae S20 eel O20 mere 2 O20) 24 3 20 3,000 
D-15@ ...450..... Dr rere 900+....2,000+....2,870+ Bal- 
ance 5 0.85... .3,000 
DENG Trees 400) se ale Seeeuye 925+....2,055+....2,950+ 
DATO SOO as erces 580 ett OUOMME nn 20S) 
DVO Mere OOD is, ike: Lien 720 rie SON wetetens2 O00! 
BE) nc oattetico Hor sae 775 2 | ORO Wma g OO) 


Plus values after breakdown voltage indicate that no failure occurred on these samples; on all other samples 


breakdown occurred in the cable. 


Terminal failures occurred in seven additional D samples. 


200 pounds per square inch nitrogen pressure was 
A-2 and C-3. 


** Pressure was applied for 60 hours. 

t Tested at atmospheric pressure. 

® These samples were subjected to abnormal pulling 
© This sample was subjected to abnormal pulling st 


* Density of paper tapes is the apparent specific gr 
wound roll of tape divided by weight in grams. 


applied to each sample for one hour except samples 


stresses in field before test. 
resses in field before test and visibly damaged. 


avity—the volume in cubic centimeters of a tightly 


+ Viscosity of saturant is given in Saybolt seconds at 100 degrees centigrade. 
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and partial failures were in the regions of 
wide valleys. Most of the cable made for 
the commercial line was made with 
slightly smaller valleys and was more re- 
sistent to the effect of repeated bending. 

Cable handled as severely as required 
in installation was not affected by the 
handling. A sample from a length (the 
leading end of a 1,500-foot length) which 
had been subjected to excessive pulling 
strain during installation and had been 
pulled through about 3,000 feet of pipe, 
was tested and broke down at about 93 
per cent of the voltage of the average new 
cable. 


IMPULSE TESTS 


One of the main questions in connec- 
tion with the SMD type cable was 
whether or not this cable would have a 
sufficiently high impulse strength if con- 
nected to overhead lines or outdoor sub- 
stations; therefore, impulse tests were 
performed on samples of this cable. In 
this paper samples of cable from the ex- 
perimental line shall be designated as A, 
and samples of cable subsequently pro- 
duced, each of different construction, as 
B, C, and D. The D construction was 
used for the commercial installation. 

The results of impulse tests on two A 
samples indicated impulse strengths of 
680 and 580 kv. These values were not 
adequate, because a minimum impulse 
strength of 750 kv was considered neces- 
sary to co-ordinate with the 138-ky-class 
insulation used for the terminals and other 
apparatus on the system. 

Samples designated as B and C repre- 
sent two short experimental lengths on 
which a limited number of 60-cycle and 
impulse tests were made. On the first 
of these, satisfactory values of impulse 
strength were obtained, but the 60-cycle 
values were too low, whereas on the 
second type of construction the 60-cycle 
values were satisfactory, but the impulse 
strength was too low. Owing to the 
limited number of tests, the causes of this 
could not be determined. This became 
unimportant, however, as tests on cable 
with the D construction indicated satis- 
factory values both for 60-cycle and im- 
pulse tests. Table I shows the results of 
these impulse tests. 

As the maximum potentials produced 
by the impulse generator did not cause 
failure in the cable with the improved 
construction (D samples), the actual im- 
pulse strength of such cables could not be 
determined. Breakdowns were obtained, 
however, on samples on which insulation 
thickness was reduced by removing a 
number of tapes from the outside of the 
insulation. The results of these tests 
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own in Table I, samples D-14 to 19 


inclusive. Two reduced insulation thick- 


nesses were selected, so that breakdown 
voltage values could be conveniently 
compared with those obtained on other 
types of cables previously tested. 
Figures 14 and 15 graphically illustrate 
the breakdown voltage values and maxi- 
mum voltage gradients, respectively, of 
the samples tabulated in Table I, and 
compared with the results of previous 
tests by one of the authors‘ and others, 5¢ 
on the basis of equal insulation thick- 
nesses. The slanting line on Figure 14 
connects minimum breakdown values ob- 
. by the authors and others on oil- 
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Figure 14. Impulse strength of SMD type 
cable 
o—Oil-filled 
(J—Compression and Oilostatic 
X—Solid 
+—SMD 


filled, compression, Oilostatic, solid, and 
SMD cables, having insulation thick- 
nesses of 385, 450, and 500 mils, respec- 
tively. These lines were extended to the 
full insulation thickness range for the D 
samples, in order to obtain an indication 
of the impulse strength which otherwise 
was not obtainable, because of the 1,000- 
kv limitation of the impulse generator. 
From Figures 14 and 15 it is evident 
that on the basis of average stress the SMD 
type cable in the commercial line has an 
impulse strength as high as has been ob- 
tained by various observers for well-made 
oil-filled cable of standard construction 
and equal insulation thickness. On the 
basis of maximum stress as customarily 
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calculated, without taking into account 


the effect of stranding, the impulse 


strength of the conductor-shielded SMD 
type cable is higher than that of un- 
shielded oil-filled cable. It is thought 
that the conductor shielding of the SMD 
type cable is responsible for this differ- 
ence, although the extent of the benefit 
from this shielding has not been directly 
determined. 


With 600 mils of insulation the impulse 
strength of the SMD cable is in excess of 
1,000 kv. These tests indicate that 400 
to 425 mils of insulation should be ade- 


quate for the desired impulse strength of 
750 kv. 


Summary 


1. Nonleaded high-pressure gas-filled cable 
can be installed in a steel pipe without the 
insulation being adversely affected due to at- 
mospheric exposure or mechanical handling. 


2. No difficulty was encountered in the 
installation of 1,500-foot section lengths of 
cable on the commercial line. Based on the 
relatively low pulling stresses (7,200 pounds 
maximum), it appears perfectly feasible to 
install this type cable in lengths up to 2,000 
feet. 


3. The use of paper, preimpregnated with 
viscous compound, prevents migration at 
normal operating temperatures and allows 
installation on steep grades or in vertical 
runs without stop joints or other devices. 


4. The satisfactory results on this type of 
cable are due in part to the development and 
use of a saturant of high viscosity and of 
excellent electrical properties. 


5. The 60-cycle dielectric strength, both 
short- and long-time, is equivalent to that of 
oil-filled cable. 


6. The impulse strength is at least the 
equal of oil-filled cable. 


7. Power-factor values are approximately 
constant over a temperature range of 20 to 
100 degrees centigrade. 


8. The power factor was not affected even 
after six months at a temperature of 100 
degrees centigrade. 


9. The radial power-factor curve is flat 
even at 80 degrees centigrade, where im- 
purities often cause erratic results. 


10. Great uniformity of the insulation is 
indicated by the fact that on long-time volt- 
age tests there are normally numerous par- 
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tial failures, in addition to the completed 
failure. a: 


11. The same insulation thicknesses as 
used on oil-filled cable can be used on high- 
pressure gas-filled cable, and all oil-fill 
cable tests met with a gas pressure of 30 
pounds per square inch on reel lengths and 
225 pounds per square inch on samples, 


12. High-pressure gas-filled cable is prac- 
tical for handling loads of the order of ~ 
100,000 kva and above. 
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Figure 15. Maximum stress values for the im- 
pulse measurements shown on Figure 14 


No correction made for the effect of stranding 
On maximum stress 
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13. Measured values of thermal resistivity 
are given for several kinds of soil. 


14. High-pressure gas-filled cable with pre- 
impregnated paper can be manufactured on 
standard equipment, with only minor 
changes, provided humidity is maintained 
below 20 per cent. 
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1. Introduction 


HE existence of transient recovery- 

voltage phenomena in connection with 
the interruption of short circuits by cir- 
cuit breakers has been recognized for a 
number of years, and from time to time 
measurements and calculations have been 
made on actual field circuits.2° How- 
ever, while these more or less isolated and 
scattered instances have provided some 
valuable information, they have not af- 
forded a comprehensive picture of tran- 
sient-recovery voltage conditions existing 
in the field. 

In order to provide the electric-power 
industry with a better understanding of 
and more complete data on transient re- 
covery-voltage conditions, and, perhaps 
more particularly, to provide such data as 
a guide to the circuit-breaker designers, 
a field survey of several representative 
electric-power Systems was recently car- 
ried out under the sponsorship of the 
committee on electric switching and 
switchgear of the Association of Edison 
Iiluminating Companies. By permission 
of that organization and the participating 
electric power companies, some of the out- 
standing results and conclusions from 
this survey were made available to the 
AIEE committee on protective devices 
for presentation in this paper. 


2. Transient Recovery Voltage— 
Theory and Definitions 


While a number of excellent papers 
covering this phenomenon have been pub- 
lished in the literature, }® a brief review 
is believed to be in order here. 

The term recovery voltage applied to 
a circuit breaker refers to the voltage es- 
tablished across the open contacts after 
the arc is extinguished. The initial or 
transient recovery voltage is produced by 
a sudden change in circuit conditions, and 
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its characteristics are determined by cir- 
cuit constants. The normal-frequency 
recovery voltage is the generated system 
voltage finally maintained across the 
open contacts after the transient voltages 
have disappeared. 

Since short-circuit currents are gener- 
ally limited principally by reactance, it 
follows that the current is nearly 90 de- 
grees out of phase with the voltage. Con- 
sequently, at the point of arc interruption, 
normally on or near the zero point of the 
current wave, the generated voltage is 
close to its maximum peak value. The 
voltage at the breaker, of course, prior 
to interruption, is held down to zero or 
nearly zero by the short circuit, but upon 
are interruption attempts to recover im- 
mediately to the peak value of the wave. 
It is prevented from doing so instantane- 
ously, however, by the effective capaci- 
tance across the breaker contacts, and 
there results instead a transient recovery- 
voltage oscillation. The frequency of this 
oscillation is determined by the induct- 
ance and capacitance of the circuit; the 
amplitude may reach double the normal- 
frequency crest voltage. In general, the 
combination of lumped reactance in the 
circuit between breaker and power source, 
with low capacitance-to-ground in the 
circuit between breaker and reactance, 
gives rise to the highest oscillating fre- 
qutencies. 


The severity of a given circuit is com- 
monly characterized by the rate of rise of 
transient recovery voltage, which is deter- 
mined by drawing a line from the zero 
point of the oscillating voltage wave, 
either to the peak of the first loop of the 
transient voltage oscillation, or as a 
tangent to the first voltage loop. This 
simple procedure, however, is not always 
adequate. The circuits involved are gen- 
erally somewhat complex, so that the 
transient recovery-voltage characteristics are 
usually compounded of two or more 
superimposed oscillating frequencies. If, 
as occasionally happens, the first high- 
frequency loop has a smaller amplitude 
than a succeeding lower-frequency crest, 
the significance of rate of rise based upon 
the higher frequency but lower amplitude 
oscillation, may be decidedly question- 
able and subject to arbitrary judgment. 
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To avoid this difficulty, the complete — 
transient recovery-voltage characteristic 
of a circuit should be determined. This 
characteristic, modified by circuit-breaker 
and test factors as described below, may 
be obtained directly from oscillograms 
taken in short-circuit tests, or it may be 
calculated from the constants of the cir- 
cuit. In the AEIC survey of electric- 
power systems mentioned above, circuit 
characteristics were calculated in this 
manner, and the results were obtained in 
terms of an envelope of the transient re- - 
covery-voltage characteristics, composed 
of two and sometimes three major fre- 
quency components. In order to bring 
the task of calculating such characteristics 
within feasible limits in terms of man- 
hours of work required, certain approxi- 
mations and simplifying assumptions were 
necessarily employed. A complete de- 
scription of this simplified method of cal- 
culation, including the limits of accuracy 
obtained, is given in a companion paper.” 


3. Results of Survey of Power- 
System Transient Recovery- 
Voltage Characteristics 


The survey, which was made entirely 
by calculations except for direct measure- 
ments of a few circuit capacitances, was 
carried out on the systems of six power 
companies, selected as representing both 
concentrated urban types and distributed 
types of systems. Practically all of the 
circuit-breaker locations on these six sys- 
tems were covered either by actual cal- 
culations or by a comparative estimating 
procedure. Where the system connec- 
tions varied somewhat with different op- 
erating setups, and also where the as- 
sumed location of the fault affected the 
severity of the recovery-voltage charac- 
teristics, the calculations were made on 
the basis of the conditions which would 
give the most severe characteristics. With 
these results on the six systems covered 
by the survey, it was felt that a sufficient 
cross section had been obtained to draw 
general conclusions as to the transient 
recovery-voltage conditions _ existing 
throughout the industry. 
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Figure 1. Typical recovery-voltage envelope 
and oscillating characteristic 
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Figure 3. Representative envelopes of tran- 
sient recovery voltage for 69,000-volt systems 


As stated above, the survey was carried 
out on the basis of determining the enve- 
lope of the recovery-voltage character- 
istic, rather than on the basis of a simple 
rate of rise of transient recovery voltage. 
A typical recovery-voltage envelope, to- 
gether with the complete oscillating char- 
acteristic from which it was drawn, is 
shown in Figure 1. Also groups of typical 
recovery-voltage envelopes, shown in 
Figures 2 to 6 inclusive, were chosen as 
illustrations from each of the following 
voltage classifications: 


120,000- to 132,000-volt systems 
69,000-volt systems 

22,000- to 34,500-volt systems 
11,000- to 13,800-volt systems 
4,000- to 4,800-volt systems 


For practical purposes, the envelope is 
sufficient to define the transient recovery- 
voltage characteristic, since it gives the 
magnitude of the first peak and the maxti- 
mum peak, as well as any intermediate 
peaks found to be significant. Only the 
first peak and the maximum peak were 
recorded when the intermediate peaks 
were found to be less in amplitude than a 
corresponding point in time on the enve- 
lope connecting the first peak and the 
maximum peak. In other words, an inter- 
mediate peak was included if it raised the 
envelope, but not if it caused the envelope 
to drop below a straight line drawn be- 
tween the first and maximum peaks. Also 
the envelopes were not extended beyond 
the point of maximum peak. 

An analysis of the recovery-voltage 
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curves shown in Figure 2 indicates a wide 
range of rates of rise for the various curves, 
Based on the first peak, curve 1 shows a 
rate of 8,300 volts per microsecond, while 
curve 5 shows only 210 volts per micro- 
second. The higher rates shown in curves 
1 to 3 were obtained in connection with 
breaker locations where the fault was 
limited by a transformer fairly near the 
breaker, whereas the lower rates of curves 
4 and 5 resulted from locations where 
there was no large lumped reactance in 
the circuit close to the breaker. Further 
examination of curve 1 shows that the 
first peak, which is 71 per cent of the final 
peak, occurs in 16 microseconds, the sec- 
ond peak in 80 microseconds, while the 
final and maximum peak is reached at 110 
microseconds. Curves 2 and 4 show only 


ie} 
O 100 200 300 400 500 600 700 800 
MICROSECONDS 


Figure 4. Representative envelopes of tran- 
sient recovery voltage for 22,000- to 34,500- 
volt systems 


two peaks, while curves 3 and 5 reach 
maximum values without any significant 
intermediate peaks. Figures 3, 4, and 6 
in like manner show various typical charac- 
teristics for their respective voltage classes. 

The envelopes shown in Figure 5 have 
been drawn in two ways: ’ 


1. Witha scale going to 1,000 microseconds 
in order to include the complete character- 
istic. 

2. With a scale of only ten microseconds in 
order to show the relatively high-speed 
transients in greater detail. 


Complete numerical results of the sur- 
vey were tabulated in terms of the in- 
formation given on the envelope, that is, 
in terms of two or three significant peaks, 
and the time in microseconds required to 
reach each of these peaks. While these 
tabulations are not reproduced in this 
paper, the net results of the survey, in 
terms of rate of rise of transient recovery 
voltage, are given graphically in the form 
of cumulative percentage curves, shown 
in Figures 7 to 11 inclusive. The rate 
of rise used in these curves is based 
upon the first peak of the recovery 
characteristic, except in cases where this 
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peak was found to be of abnormally low. 
magnitude compared with later peaks. 

The abscissae of these curves show the 
percentage of breaker locations where 
the rate of rise exceeds the value given by 
the ordinate. For example, referring to 
Figure 7, only 15 per cent of the breaker 
locations may be subjected to rates of rise 
of 5,000 volts per microsecond or higher. 
Also, it will be noted that 53 per cent of 
the breakers are located where the rate of 
rise does not exceed 1,000 volts per micro- 
second; the remainder of the breaker lo- 
cations, or 32 per cent being subjected to 
rates of rise between 1,000 and 5,000 volts 
per microsecond. 

All of these results, of course, are given 
in terms of the characteristic of the cir- 
cuits themselves and do not take into 
account the various factors which tend to 
modify the severity of the recovery- 
voltage characteristics actually obtained 
on a breaker. These factors include: 


(a). Asymmetry of the current wave. 


(b). Decay of flux in generators during 
short circuit. 
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sient recovery voltage for 11,000- to 13,800- 
volt systems 
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Figure 6. Representative envelopes of tran- 
sient recovery voltage for 4,000- to 4,800-volt 
systems 
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Figure 7. Cumulative percentage curves of 
rates of rise of recovery voltage for 120,000- 
to 132,000-volt systems 


(Based on 345 breakers) 
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Figure 8. Cumulative percentage curves of 


rates of rise of recovery voltage for 69,000- 
volt systems 


(Based on 342 breakers) 


(c). Arc-voltage drop in the fault. 
(d). Arc-voltage drop in the breaker. 


(e). Conduction of current in the breaker 
after current zero. 


In general, the above factors tend to re- 
duce the severity of the recovery-voltage 
characteristic. On an actual circuit- 
breaker test, it is usually possible to ac- 
count for the effect of these various fac- 
tors by analyzing oscillograms of recovery 
voltage taken on the test and thereby 
to obtain a check on the calculated 
values. 

The results of the survey, as summa- 
rized in Figures 7 to 11 inclusive, have 
shown that some of the calculated circuit 
recovery-voltage rates are substantially 
higher than the maximum rates disclosed 
by previous scattered information on this 
subject. Also the results show that the 
occurrence of high values of circuit re- 
covery-voltage rates (on the order of 5,000 
to 8,000 volts per microsecond) is con- 
siderably more widespread than had pre- 
viously been suspected. 


4. Significance of Results 
and Conclusions 


In appraising the significance of these 
results, it is necessary first of all to take 
into account the modification of the maxi- 
mum rate of rise of recovery voltage which 
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is brought about in actual circuit-breaker 
operation. The data presented in a com- 
panion paper indicate the possibility that, 
for certain types of breakers at least, the 
effect of the breaker in reducing the se- 
verity of these transients increases as the 
calculated circuit values increase. There- 
fore, this may limit the actual rate of rise 
which a circuit can impress across the 
contacts of a breaker, regardless of the 
constants of the circuit. If this effect is 
rather general for breakers now in service, 
it may constitute one of the reasons why 
few outstanding instances of extreme 
rates of rise causing difficulty in the opera- 
tion of circuit breakers have been re- 
corded. 


As to the significance of these results to . 


circuit-breaker users, particularly in the 
operation of the great number of breakers 
already in service, and in view of the 
greater prevalence of fairly high rates of 
rise of recovery voltage than previously 
suspected, it may be said that there have 
been some but only a few instances re- 
corded where circuit breakers were sub- 
jected to greater distress while interrupt- 
ing short circuits under high rates of rise 
than under low rate conditions. In the 
group of systems covered by this survey, 
a study of operating records failed to dis- 
close a systematic correlation between re- 
covery rates and breaker distress or fail- 
ures. Such effects as undoubtedly do exist 
would be evidenced in increased arc 
lengths and some additional maintenance 
due to increased burning and other phe- 
nomena. Experience seems to show in 
general, however, that circuit breakers 
have been designed with sufficient stroke 
to take care of even the highest rates of 
tise of recovery voltage, so that cases of 
breaker trouble directly attributable to 
recovery rates have been very rare. 

On the other hand, it is believed that 
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Figure 9. Cumulative percentage curves of 
rates of rise of recovery voltage for 22,000- 
to 34,500-volt systems 


(Based on 1,975 breakers) 
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the results of the survey will be of major 
significance and importance in connection 
with the design and manufacture of cir- 
cuit breakers. Important elements in the 
design, such as length of stroke and simi- 
lar considerations, are determined to a 
large extent by rate of rise of recovery 
voltage. Therefore, while it may fortu- 
nately be true that liberal design allow- 
ances, combined with circuit-breaker 
modifying effects, have in the past pro- 
duced breakers capable of withstanding 
the severe transient recovery-voltage - 
conditions that are now known to exist, 
it may be more important in the future, 
particularly in connection with the de- 
velopment of radically new designs of 
circuit breakers, to have available a true 
picture of recovery-voltage requirements. 
It is believed that the results of the survey 
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Figure 10. Cumulative percentage curves of 
rates of rise of recovery voltage for 11,000- 
to 13,800-volt systems 


(Based on 2,250 breakers) 
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Figure 11. Cumulative percentage curves of 
rates of rise of recovery voltage for 4,000- to 
4,800-volt systems 


(Based on 3,975 breakers) 
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N periods of high industrial activity 
_ transformer loads are generally high, 
nd it is essential that operators know 
ghat overloads they can carry safely in 
emergencies. In order to do this effec- 
tively, it is necessary to know what tem- 
peratures will be reached after various 
verloads for different durations of time 
and the effects of temperature and time 
gn the dielectric and mechanical strength 
of the insulation. If limitations between 
these things and the degree of insulation 
deterioration can be established, it is pos- 
sible to make recommendations for safe 
overload times and temperatures. 

In Part I of this paper some new data 
are presented on the effect of tempera- 
tures and oil acidity on the insulation, and 
some recommendations for maximum 
temperatures and their duration are 
made. This paper differs from previous 
studies on this subject in that definite 
evaluation of the effect of acidity on the 
insulation strength is given. Acids are 
formed in service by contact between 
oxygen and transformer oil. Excluding 
this contact by blanketing the trans- 
former with inert gas results in a high 
mechanical strength of the insulation at a 
fiven temperature and time, or, con- 
versely, permits a high operating tempera- 
ure for a given loss in life. In consider- 
ng this paper, it should be borne in mind 
hat the data refer to the mechanical 
trength of the insulation only. Neither 
he 60-cycle nor the impulse dielectric 
trength are affected to any extent by the 
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conditions of test. The true criterion of 
insulation deterioration therefore is not 
mechanical strength alone, but the di- 
electric strength must be given due con- 
sideration. Experience has shown that 
satisfactory operation can be obtained 
with much reduced mechanical strength. 

Even after the recommendations for 
temperatures and time duration for insu- 
lation are made, it is necessary to know 
the overloads and times which will give 
corresponding temperatures. Various 
sizes and types of transformers vary 
widely in this respect. Some transform- 
ers which are well ventilated may have 
low gradients and correspondingly high 
overload capacities; most of the larger 
power transformers come within this 
class. Smaller transformers are wound 
with small wire with many turns in a 
single coil. They will normally have 
much higher gradients between copper 
and oil and correspondingly lower over- 
load capacities. In Part II the character- 
istics of these various types of transform- 
ers are given along with recommendations 
for safe emergency overloads for given 
time and temperature limits. 


Part |. Effect of Temperature on 


Cellulose Insulation 


The life of cellulose insulation is de- 
cidedly influenced by three factors, 
namely, temperature, contact with oxy- 
gen, and exposure to acidity. Doctor C. 
F. Hill! has shown that cellulose insula- 
tion is stable for long periods of time be- 
low 90 to 95 degrees centigrade, when 
protected by an inert atmosphere. Doc- 
tor F. M. Clark? has classified the me- 
chanical deterioration of cellulose as being 


caused by oxidation, 
changes, or both. 

The object of this paper is to give ad- 
ditional evidence in regard to the rate of 
deterioration of cellulose insulation and 
to show that transformers can be ex- 
posed to short-time overloads even at 
high temperatures without damaging the 
mechanical strength of the insulation to a 
great extent. 

Figure 1 shows the decrease in tensile 
strength of Manila paper when sealed at 
atmospheric pressure in an oxygen-free 
atmosphere. It is interesting to note the 
rapid decrease in tensile strength which 
takes place at 135 degrees centigrade. 
This occurs when temperatures are main- 
tained at which thermal decomposition 
takes place. At 120 degrees centigrade, 
the tensile strength drops to approxi- 
mately 50 per cent and levels off. It 
would appear that this 50 per cent 
strength would be maintained for long 
periods of time. Figure 2 shows the 
change in acidity of oil with Manila paper 
in oxygen-free oil protected by a nitrogen 
atmosphere. One of the main products of 
thermal decomposition is the formation of 
acid which forms a catalyst for further 
decomposition. The inert atmosphere 
prevents the formation of acid product at 
120 degrees centigrade and below, showing 
the decided advantage of protecting the 
oil of a transformer against exposure to 
air. 

The same data for Figure 1 are used to 
produce Figure 3. The remaining tensile 
strength of Manila paper after exposure 
to different temperatures in oxygen-free 
oil for different periods of time is plotted 
in this figure with temperature and time 
as ordinate + abscissae. These curves 
are of special interest to both the de- 
signer and the operator of transformers, 
because they can be used to predict the 
amount of mechanical damage done to 
transformer insulation after it has been 
operated at given temperatures for speci- 
fied lengths of time. For example, if not 
less than 50 per cent mechanical strength 
is required at all times, it is interesting to 
see that the total period of operation at 
140 degrees centigrade should be not 


pyrochemical 


vill have their greatest value in providing 
his information. 
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Figure 1. Decrease in tensile strength of 
Manila paper in oxygen-free oil protected 
by a nitrogen atmosphere 
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Figure 2. Change in acidity of oil with Manila 
paper in oxygen-free oil protected by a nitro- 
gen atmosphere 


more than two days, because in this time 
the cellulose has decreased in tensile 
strength to 50 per cent. However, with 
overloads at which the temperature 
reached only 135 degrees centigrade, a 
total of five days would be possible. If 
40 per cent of the original mechanical 
strength is the lowest desired, a total of 
nine days at a temperature of 135 degrees 
centigrade may be allowed. 

Figure 4 is a plot of the lowest tensile 
strength for paper insulation after 18 
weeks under oxygen-free oil at various 
temperatures. From this figure one can 
‘select the temperature for transformer 
operation when the ultimate tensile 
strength has been selected. For example, 
if not less than 60 per cent of the original 
strength is required, the operating tem- 
perature should never be more than 115 
degrees centigrade. 

Based on the above data, the following 
practical conclusion might be drawn. 
The load which may be carried in the 
operation of a transformer is governed 
by the desired life of the transformer. 
From the experimental data presented 
here it is felt that an oil-insulated trans- 
former may be operated at temperatures 
up to 120 degrees centigrade continuously, 
and even above, during short-time over- 
loads, without seriously damaging the 
insulating materials, provided an inert 
(oxygen-free) atmosphere is maintained 
in contact with the oil at all times, and 
provided the acidity of the oil in contact 
with the insulating materials is main- 
tained at a low value. Below 120 degrees 
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centigrade the main deterioration in 
mechanical strength is caused by oxida- 
tion, while above this temperature the 
thermal decomposition of the cellulose is 
very detrimental. The thermal change 
results in the formation of gases, water, 
and other decomposition products. Oxi- 
dation, which takes place below 120 
degrees centigrade, is eliminated to a very 
large extent by the use of an inert atmos- 
phere. ) 

Figure 5 shows the decrease of tensile 
strength of Fuller board when included 
with a varnished cotton tape in oxygen- 
free oil protected by a nitrogen atmos- 
phere and at atmospheric pressure. It is 
quite interesting to compare this curve 
with Figure 1. At 135 degrees centigrade, 
the rate of decrease in tensile strength is 
quite similar to that of paper with no 
acids present other than those from de- 
composition. The decided effect of the 
acidity can be seen at 120 and 105 degrees 
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Figure 3. Percentage of initial tensile strength 
reached by Manila-paper insulation in oxygen- 
free oil protected by a nitrogen atmosphere 
{ 

the final tensile strength is less than 
twenty per cent as compared with 54 
per cent with no acids present; and for 
105 degrees centigrade, 44 per cent as 
compared with 72 per cent. It would 
appear from these comparisons that it is 
of utmost importance to maintain low 
acidity and to avoid acid-forming ma- 
terials in the construction. 

The acidity in contact with the Fuller 
board samples from the varnished cloth is 
shown in Figure 6. While these acidities 
are higher than those of usable trans- 
former oil, it simulates the effect of lower 
acidities over longer periods of time. 

The data for Figure 3 are used again to 
produce Figure 7. The curves show the 
part of the initial tensile strength remain- 
ing at the end of various periods versus 
temperature. If we choose 50 per cent as 
the minimum mechanical strength re- 
quired, this would be reached in 1.5 days 
compared with two days from Figure 3. 
Likewise, at 135 degrees centigrade, the 
insulation would have reached 50 per cent 
strength in three days. For 40 per cent 
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strength the total time of overloads could 
be seven days, compared with nine days 
with low acidity. A significant difference 
between this figure and Figure 3 is that 
the tensile strength continues to decrease 
even after 100 days, while in the low- 
acidity oil the decrease in tensile strength 
shows a greater tendency to reach a con- 
stant value for a given temperature. 

Figure 8 shows the lowest tensile 
strength for Fuller board insulation after 
18 weeks of exposure to high-acidity oil. 
If we choose 50 per cent as the minimum 
required tensile strength, the operating 
temperature should not be more than 
100 degrees centigrade. However, this is 
for a period of only 18 weeks and since 
the tensile strength continues to decrease, 
due to the presence of acids, it would indi- 
cate a still lower temperature. 

The curves of Figures 5 and 8 show that 
the presence of acids in contact with cellu- 
lose insulation seriously catalyzes not 
only oxidation changes but also thermal 
decomposition. Care should be taken to 
maintain low-acidity oil in order to ob- 
tain the longest life from the cellulose 
insulation. Varnishes and varnished 
tapes have been a source of acids in trans- 
formers. The use of synthetic materials 
in place of natural varnishes in modern 
transformer construction has practically 
eliminated this source of acids. 

Figure 9 shows the similarity in be- 
havior between Fuller board and paper 
insulation. The Fuller board was in con- 
tact with oxygen-free oil under the same 
conditions as for Figure 1. While the 
Fuller board is some better at 105 and 
120 degrees centigrade, it is interesting to 
note that at 135 degrees, thermal de- 
composition destroys most of the tensile 
strength. 

Figure 10 shows the rate of increase in 
acidity of oil samples with the same ma- 
terials as for Figure 6, except that the 
oil has free access to the oxygen of the air. 
Here the acidity shows a decided increase 
in 18 weeks, much greater than in Figure 
2. Comparison of these figures shows 
that to obtain full advantage of preserva- 
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Figure 4. Lowest tensile strength for paper 
insulation after 18 weeks under oxygen-free 
oil protected by a nitrogen atmosphere 
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Figure 5. Decrease in tensile strength of Fuller 
board, together with varnished cloth, in 
oxygen-free oil protected by a nitrogen 
atmosphere 


tive measures in transformers, no acid- 
forming varnishes or treatments should 
be used. 

Figure 11 shows test data taken on 

aper in transformer oil at various tem- 
atures with the samples open to the 
air. Comparison of these curves with 
Figure 1 shows the great benefit obtained 
by protecting the samples from oxygen, 
particularly at temperatures of 120 
degrees centigrade and less. 

It is possible from the data given above 
to make recommendations for short-time 
emergency overload temperatures of 
transformers based on given amounts of 
decrease in mechanical strength of the 
insulation. One set of values that has 
been proposed is given in Table A. 

Inspection of these values will show 
that if a given temperature from the table 
were reached 20 times for the time speci- 
fied, the insulation would have a tensile 
strength of approximately 80 per cent of 
its original value. If emergency over- 
loads of the same character as described 
in the table were to be applied once a 
year for 20 years, we would, therefore, not 
expect that the insulation would be appre- 
ciably lower than 80 per cent of its 
original value. Figure 3 is used in reach- 
ing this conclusion. This assumes that 
there was no deterioration due to steady 
operation. It would be more practical, 
however, to consider that the transformer 


might reach 105 degrees hot-spot tem- 
perature for considerable durations of 
time, and, if this were true, its mechanical 
strength would be somewhere between 80 
and 75 per cent of its original value, If 
the emergency operations were to take 
place after this initial deterioration, a 
method of estimating its ultimate de- 
terioration is as follows: 

Suppose we were to consider that there 
would be 20 overloads for 24 hours which 
would reach 115 degrees; then the de- 
terioration due to the steady load would 
be equivalent to approximately 24 days 
at 115 degrees without the deterioration 
due to the overload. The additional 20 
days would then be equivalent to 44 total 
days at 115 degrees, which would result 
in approximately 65 per cent of the 
original mechanical strength of the insu- 
lation. Similar methods of calculation 
could be used for any of the other emer- 
gency overload temperatures. If an 
operator desired to determine the amount 
of deterioration under other conditions 
of loading and time, the curve data pro- 
vide an easy graphical method for making 
such an estimate. 

It is believed that the decrease in 
mechanical strength resulting from Table 
A is reasonable and safe for general use. 
The ultimate strength requirements de- 
pend upon many factors determined by 
service conditions. The severity and fre- 
quency of short circuits is an important 
factor, as well as whether or not the 
apparatus remains fixed or is to be trans- 
ported. Since the dielectric strength re- 
mains practically unchanged, a reduction 
of 40 to 50 per cent in the mechanical 
strength of the insulation over a 20-year 
period would not be considered excessive 
for normal operating requirements. 


Summary 


New data on the rate of deterioration 
of cellulose insulation at different tem- 
peratures have been obtained. From 
them a table of time periods and tem- 
peratures has been made at which oil- 
insulated transformers may be operated 
in order that specific cellulose insulation 
strengths of approximately 65 per cent of 


Table A. Duration of Overload Ultimate 
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Figure 7. Percentage of initial tensile strength 

reached by Fuller board, together with 

varnished cloth, in oxygen-free oil protected 
by a nitrogen atmosphere 


the original value may be maintained. 
It is expected that this value will be main- 
tained even after operation of a con- 
siderable length of time at 105 degrees 
centigrade, 


Part Il. Recommended Emergency 
Overloads for Transformers 


After Table A in Part I has been es- 
tablished, it is still necessary to correlate 
the data with overloads which will result 
in these temperatures after given lengths 
of time. In order to do this, it is neces- 
sary to know what the characteristics of 
average transformers are, both in respect 
to the gradient between the insulation 
and the oil, and the length of time which 
it takes for the oil to reach given tempera- 
tures under given load conditions. Data 
may be found in several places for esti- 
mating the gradients between oil and in- 
sulation and also the rate of oil rise during 
transformer overloads. One such refer- 
ence is a recent paper on ‘‘Hot-Spot 
Temperatures in Transformers.”* Be- 
fore these data can be used, however, it is 
desirable to establish available character- 
istics for several sizes of transformers. 

It is suggested that seven classes of 
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(0) 20 40 
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Figure 8. Lowest tensile strength of Fuller 

board, together with varnished cloth, after 18 

weeks in oxygen-free oil protected by a 
nitrogen atmosphere 
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120 


PER CENT ORIGINAL 
TENSILE STRENGTH 


i) 4 8 12 ie 18 
TIME — WEEKS 
Figure 9. Decrease in tensile strength of 
Fuller board in oxygen-free oil, protected 
by a nitrogen atmosphere 


transformers be considered. These classes 
may be described as follows: 


Class 1. Many transformers use round 
wire, and there is a considerable gradient be- 
tween the center of such coils and the oil. 
There are also some ribbon-wound coils, 
which have several layers and several turns 
per layer. We suggest that this class in- 
clude transformers up to 150 kva, 25 kv, and 
transformers with windings of all voltage 
classes rated at 15 amperes or less. This 
class is to be oil-insulated, self-cooled. 


Class 2. The next larger transformers 
than those described in class 1 generally 
have strap windings with at least one side 
or edge of each conductor exposed to oil. 
Surely, up to 69 kv such transformers would 
not have heavy conductor insulation; 
therefore, this class is limited to power and 
distribution transformers up to 69 ky, oil- 
insulated, self-cooled. 


Class 3. This class is similar to class 2 
except that it is for forced air-cooled trans- 
formers. 


Class 4. Some transformers include 
regulating equipment and are used as unit 
substations. Such transformers are very 
similar to the ordinary self-cooled trans- 
former with the exception that the tank is 
larger, and there is much more oil used 
than in the ordinary self-cooled transformer. 
The result is that the transformer has a 
longer time constant than the ordinary self- 
cooled transformer. It is suggested, there- 
fore, that class 4 include transformers such 
as unit substation transformers and be simi- 
lar to class 2 except for longer time con- 
stants. 


Class 5. It is suggested that this class 
include oil-insulated unit substation trans- 
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Figure 10. Change in acidity with Fuller 
board under oil exposed to air 
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Table I. 


Suggested Classes for Transformers for Calculating Emergency Overloads 
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formers, which are cooled with forced air. 
This class is then the same as class 3, except 
that the transformers have longer time con- 
stants. 


Class 6. Large high-voltage power 
transformers may require heavier insulation 
on the conductors than smaller transformers. 
This, in turn, will result in higher gradients 
between the copper and the oil. Therefore, 
slightly different characteristics should be 
used for these transformers than for smaller 
units exemplified in class 2; class 6 should 
be approximately the same as class 2 except 
for higher gradients. 


Class 7. It is suggested that class 7 
correspond to class 6 except that the trans- 
formers have forced air-cooled ratings. 


A tabulation of the proposed character- 
istics of these various classes is given in 
Table I, and it might be well to describe 
how the various values were obtained. 
For example, in class 1 the designer can 
calculate the watts per square inch of 
losses transmitted from the coil surface 


approximate estimate of the gradient be- 
tween the coil and the oil, based on de- 
signs in common use. For class 1 this 
gradient should be in the order of and not 
exceeding 20 degrees centigrade at normal 
load. Likewise, the top oil rise is in the 
order of 40 degrees for such transformers. 
The difference between average oil and 
top oil is in the order of five degrees. The 
loss ratio refers to the ratio of the copper 
loss to the iron loss at rated load, and this 
loss ratio approaches limits now com- 
monly used. Time constants are given in 
hours. These values are average values 
for transformers of the ratings referred 
to above. 

In a previous paper® a method was indi- 
cated for calculating transformer hot-spot 
temperatures. In this paper it was shown 
that changes in viscosity tend to decrease 
gradients at high oil temperatures. These 
decreases further tend to counteract in- 
creases in gradients due to losses. There- 


to the oil. From this, he can make an 
fore, no great error should result if the 
es ‘,, change in copper resistance were ignored. 
This is not exactly true but probably is 
Zz within reasonable error, considering that 
E° a6 average characteristics of transformers 
OZ : ; ‘ ae 
& oc are being considered. On this basis, it 
ae would be reasonable to assume that the 
WwW . . . 
OF 40 gradient between the copper and oil varies 
Oe . 
wi fs approximately as the 0.8 power of the 
copper losses, which, in turn, are assumed 
ro) 
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culations were made on the basis of aver- 
age oil temperatures, and an approxi- 
mate constant value added to them. The 
method in common use before was to 
calculate the top oil temperatures directly. 
Comparative calculations show that there 
is no great difference between the two 
methods of calculation. For the purpose 
of simplicity and also for greater conserv- 
atism, it is intended to use the older and 
simpler method in this paper. 
: For example, suppose we take class 1 
and calculate the overload, which can be 
carried for eight hours to reach a tempera- 
ture of 120 degrees centigrade, at an 
_ ambient temperature of 30, following full 
load. As shown in the preceding paper, 
it is easiest to use “‘cut and try” methods, 
and a value of 135 per cent load can be 
_ assumed as a basis. At 135 per cent load 
the copper losses will be 1.82 times as 
_ great as at fullload. If the total losses at 
full load in the first case were 3.5 times 
_ the iron loss, in the second case it would be 
5.55 times the iron loss. If the top oil 
rise were 40 degrees in the first case, it 


0.8 
would be ultimately, oe X40degrees 


or approximately 58 degrees centigrade. 
The change in load from full load to 135 
per cent results in an ultimate change in 
oil temperature of 18 degrees. This 
change will not be entirely completed in 
eight hours, and the rise which will result 
in that time will be: 


Ts hr =18(1—e —*/*) =approximately 17 de- 
grees 


This means that the oil rise after eight 
hours will be 57 degrees. 

The gradient at full load is given as 
20 degrees. At 135 per cent load the 
copper loss is 1.82 times the value at full 
load, and the gradient should be 1.82%* 
or 1.6 times as great as the gradient at 
fullload. 1.620 degrees is 32 degrees. 
The total temperature would be the sum 
of the ambient temperature, 30 degrees, 
plus the gradient between air and top oil, 
57 degrees, plus the gradient between oil 
and copper, 32 degrees, or a total of 119 
degrees centigrade. Since this tempera- 
ture is slightly below the 120 degrees 
allowed, this percentage was considered 
sufficiently accurate for use in Table IT. 

It will be seen upon inspection of Table 
II that the proposed overloads are much 
higher than those previously recom- 
mended for use in the American Stand- 
ards Association Guides for Operation 
for Transformers. This occurs, partly 
because the original guides did not 
differentiate between different types of 
transformers, and partly because tem- 
perature rises which were permitted were 
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A New Jewel for Indicating Instruments 
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I" has been almost universal practice to 
use highly polished sapphire jewel 
bearings, cut approximately in the form 
shown by Figure la, in electric indicating 
instruments. Such a jewel is commonly 
known as a ‘‘Vee.’"’ The other member of 
the bearing is a cone-shaped piece of hard- 
ened steel or other hard metal also ac- 
curately cut and highly polished. Figures 
2 and 3 show both the common propor- 
tions of these parts and the clearances in- 
volved. Figure 2 shows an instrument 
which has the moving shaft vertical, and 
Figure 3 an instrument with the moving 
shaft horizontal. Figure 4a shows typical 
moving systems and jewel settings. 


The making of sapphire Vees is a very 
highly specialized art, and the great ma- 
jority of machine equipment and trained 
personnel has been concentrated in a small 
area in Europe, the principal production 
being in Switzerland. 


The present conflict has cut off the 
source of supply of instrument bearings 
and has left this country with inadequate 
facilities for their production. Accord- 
ingly, it has been necessary to find sub- 
stitutes. Furthermore, because of the 
vital part that instruments play in de- 
vices for the armed forces and industry, it 
has been necessary to find a substitute 
which would not in any way impair the 
usefulness of the instruments even under 
abnormally severe conditions of use. 

Fortunately, instrument manufacturers 
have a good deal of experience to fall 
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back on. About 30 years ago, the present 
so-called ‘miniature instruments” (Figure 
4) were introduced, and the demand for 
them has steadily increased, particularly 
in the communication industry. Because 
of the light weights of the moving systems 
and proportionately lower torques avail- 
able, the radius of the pivot used was con- 
siderably smaller than that used in larger 
instruments. This created a demand for 
a sapphire jewel with a correspondingly 
smaller radius of the spherical surface in 
the. bottom of the Vee. 

In general, the problem of producing a 
sapphire jewel of the required shape re- 
solves itself into that of cutting very ac- 
curately to shape a piece of sapphire, 
which is in a group of materials next in 
hardness to diamonds. The reason that 
the shape is particularly difficult is that 
the apex of the Vee must be accurately 
spherical, with a radius of from 0.002 to 
0.004 inch, and the side tangent to the 
spherical surface must be straight. At 
the center of the spherical surface if, for 
example, the cut in the sapphire is made 
in a lathe, the linear cutting speed is zero 
and even at a speed of, say, 30,000 rpm 
at a distance of 0.001 inch from the center, 
the cutting speed is only 0.3 foot per sec- 


234-7 


Figure 1a. Cross 

section of a sapphire 

jewel used for minia- 
ture instruments 


0,003 
TO 0,004 IN. 
74 RADIUS 
> (7 | 0.012 IN. 
Fas 


i 0,003 
75 TO 0,004 IN 
RADIUS 


Figure 1b. Cross 
section of a _ hot- 
formed jewel as de- 
scribed in this paper (b) 


lower than those proposed in Part I 
of this paper. Still another reason 
is that the number of emergencies was 
not specifically limited, and in the pres- 
ent paper 20 are assumed, on the basis 
of 20-year life and one emergency per 
year on the average. It is felt that 
sufficient information is given in this 
paper to permit the operator to use 
judgment and discretion in specifying 
safe overloads for his application. 
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Figure 2. Scale drawing 

showing proportions and 

clearances of vertical 

shaft miniature instru- 
ment bearing 


ond. Also, as can be seen from the di- 
mensions (Figure la), the cutting tool 
must be small in size. Therefore, the 
tendency in cutting, smoothing, or polish- 
ing is to produce a surface which is not 
truly spherical, but has either a lump in 
the center because of the low cutting 
speed, or a hollow which may be produced 
by crushing the center instead of cutting it. 

As mentioned before, the small sap- 
phire jewel for miniature instruments was 
necessary to limit the amount of side play 
in the jewel. As can be seen from Figures 
2 and 38, the side play may amount to 
more than the end play. It is of impor- 
tance both from the standpoint of its effect 
on mechanical clearances, and because ex- 
cessive side play introduces uncertainty of 
pointer position. The latter is of most 
concern when the instrument may be 
used sometimes with shaft horizontal and 
at other times with shaft vertical. Re- 
ferring to Figure 3, it is obvious that the 
only way to get a small degree of side play 
in a jewel of inherently large radius is to 
reduce the clearance between the pivots 
and the bottom of the jewels to a small 
fraction of a thousandth of aninch. This 
is an impractical solution, because of the 
hazard of very slight dimensional changes 
causing stickiness in the instrument, and 
because of the wedging action caused by 
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Figure 4 (above). A group 
of modern miniature instru- 
ments 


Figure 4a (right). Miniature 
instrument moving systems and 
jewel settings 


For a-c instruments 
For d-c instruments 


(a). 
(b). 


the very small angle of slope of the jewel 
near the center. 

The generally unsatisfactory contour in 
jewels available at the time led manufac- 
turers to look for substitutes which could 
be produced by other methods. As a re- 
sult of a large amount of development 
work done in the General Electric Com- 
pany laboratories about 25 years ago, a 
method of producing a jewel by forming a 
drop of fused ‘‘hard glass’’ was developed. 
These jewels had very accurately con- 
trolled contours, since the glass could be 
made to almost any desired shape. The 
general shape is shown in Figure 1b. 
They also had very smooth highly polished 
surfaces. In respect to shape they were 
far superior to the sapphire then readily 
available. Such jewels had, however, two 
defects: 

1. The manufacture had to be very care- 


fully controlled and was not quite as simple 
as the description above may sound, 


2. The jewel would show a microscopic in- 
dentation under an impact such as that pro- 
duced by dropping the instrument, or by a 
heavy blow on the mounting panel. 


This microscopic blemish in the surface 
would, however, in general not be notice- 
able in the performance of the instrument 
unless the pivot happened to run on the 
exact spot where the blemish had been 
made. Even in the latter case, the per- 


Figure 3. Scale 
drawing showing 
proportions and 


clearances of hori- 

zontal shaft minia- 

ture instrument bear- 
ing 
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formance of the instrument would not be 
materially affected, unless a large number 
of pointer oscillations or the presence of 
vibration caused excessive wear at the 
roughened spot. 

As has been mentioned before, a large 
number of these jewels were used, and 
their use probably served as an incentive 
to better the quality of sapphire jewels. 
In any event, after the hot-formed jewels 
had been used for several years, sapphire 
jewels became available with much im- 
proved contour, smaller radius of the 
spherical surface in the bottom of the Vee, 


Figure 5. 


Apparatus for determining coeffi- 
cient of friction 


A—To amplifier and chronograph 

B—Phototube 

C—Vee jewel bearings or ring jewel bearings 
under test 

D—To vacuum pump 

E—Light source and lens 
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Figure 6. Velocity versus time curve 
ae “aL 
Deceleration 2.66 radians per second per 
second 


and in every way suitable for instrument 
. As a result, the use of the hot- 
formed jewel was practically abandoned 


although they have been used in certain 


7 


instruments from time to time with satis- 
factory field performance. 

The present emergency made necessary 
a review of the whole situation and the 
following steps were taken: 


1. The performance of the hot-formed 
jewels and sapphire jewels was carefully 
re-evaluated. 


2. A search for the optimum material for 
a hot-formed jewel was started, since it was 
recognized that new materials might be 


_ available which would be distinctly superior 
_ to that chosen as the best 10 or 15 years ago. 
_ The evaluation of relative performance of 


; 


the hot-formed jewel and the sapphire jewel 
was carried out in the following manner with 


_ results as shown in the corresponding tables 
and figures: 


(a). Friction. One criterion of instru- 
ment performance is that portion of the 


Table I. Measured Coefficient of Friction 
When Run Against a High-Carbon Steel Pivot 


Coefficient 

Material Form of Friction 
UL PILE ors sta eis co -- Se Ring......- 0.140 
Headed Brass. . .\...5.05:- RESIS 2 pate. > 0.188 
REL ASEE uA. or stele s fein oae.6 Rings... 0.160 
TES Ta 3 eee Sty ee 0.190 
RATE ee ee RPS oes visu 0.160 
SSDP MUNG. cise) cise. «wens. eis Vee Range 0.15 to 0.19 
CESS oe Oe ee eee Vee ven reas 0.18 
Material H (Figure 11)..Vee ....... 0.18 
Ceramic polished....... VEE cede. 0.28 
Ceramic unpolished..... Vee. caer. 0.33 


CERAMIC 
JEWEL 
UNPOLISHED 


JEWEL ROLL —DEGREES 
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SCALE POINT 


i) 10 20 
Figure 7. A comparison of jewel roll in a 


single instrument taken from three different sets 
of Vee jewels 
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Figure 8a. 


Impact testing device—front view 


error in an instrument with a horizontal 
shaft caused solely by the friction between 
the pivot and jewel. This, when measured 
by noting the difference between upscale 
and downscale readings untapped in an in- 
strument free from magnetic hysteresis, is 
known as jewel roll. Jewel roll, expressed 
in radians, is a function of moving system 
weight, restoring torque, radius of the pivot, 
and coefficient of friction between pivot and 
jewel. The formula has been given as 
follows: for the usual case where the end 
of the pivot is spherical and the surface of 
the jewel conical :! 


WCr 


Jewel roll < 


W—weight of the moving system in grams 
C —coefficient of friction between the pivot 
and jewel 
r—tradius of the spherical end of the pivot 
in millimeters 
AK —+restoring force in gram-millimeters per 
radian 


In order to determine the friction between 
an instrument pivot and the corresponding 
jewel surface, two jewels of the material to 
be tested and a rotating member made up 
to approximately duplicate an instrument 
moving system were mounted in a vacuum 
(Figure 5). The moving system was made 
to rotate, the force causing this rotation 
was removed, and the deceleration meas- 
ured. Figure 6 is a typical deceleration 
curve. From this deceleration, the mo- 
ment of inertia, and dimensions of the parts 
involved, the coefficient of friction was 
calculated. While not having direct bear- 
ing on this investigation, certain data taken 
on ringstone jewels are included. 


(b). Actual measurements of jewel roll 
with three materials involved were made 
using a very low torque instrument, with 
the results shown in Figure 7. These meas- 
urements were, of course, not nearly as 
accurate as the measurements under (a), 
but were simply confirmation that the meas- 
urements as taken in (a) are directly ap- 
plicable to the problem. 

(c). An impact device was prepared, 
two views of which are shown in Figure 8. 
After some experimentation, a test schedule 
was worked out as follows: The pendulum 
was raised ten degrees from the vertical, 
allowed to fall and strike the panel, and 
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Figure 8b. Impact testing device—back view 


caught on the rebound. The instrument 
jewel roll was measured and the process 
repeated, the angle of drop being increased 
each time by ten degrees until 180 degrees 
was reached, Figure 9 shows the perform- 
ance of two instruments mounted as shown 
on the same panel, one with sapphire jewels 
and one with hot-formed jewels from mate- 
rial G (Figure 11), which was the material 
used for jewels in the past. 


(d). After impact a group of instru- 
ments, half with sapphire and half with 
hot-formed jewels of material G, were run 
from zero to full scale and back approxi- 
mately 900,000 times, and the jewel roll 
again noted with results as shown in 
Table IT. 

All of the above were done with several 
different instrument designs and torques, 
and representative values are given in the 
tables. Conclusions from the above were 
that it was highly desirable to increase the 
impact strength of the hot-formed jewel. 


(e). An arrangement as shown in Figure 
10 was made by which a jewel could be 
accurately located below the opening of a 
glass tube. A hardened steel instrument 
pivot was placed in the Vee and struck by 
dropping a pellet weighing 0.1 gram upon it. 
As shown in the figure, the pellet was raised 
by a magnet to an exact height and released 
by removing the magnet. After each drop, 
the jewel was carefully examined under the 
microscope for any traces of fracture of the 
surface and another trial made if no fracture 
occurred. The method finally worked out 
as giving the most consistent results was to 


Gl 


« me, 
_X HOT-FORMED 
TN JEWEL 


— | 


les 3) 

a4 

() ee L 

0 20 40 60 80 100 120 140 160 180 
IMPACT ANGLE — DEGREES 

O. 2) §4- 6 iS aelomaizen a aiomalS 

NUMBER OF THE IMPACT 


FRICTION ERROR— PER CENT 
OF FULL SCALE POINT 
5 
<=" 


Figure 9. Increase of instrument friction as a 
result of successive impacts in ten-degree steps 
on panel impact device 
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Figure 10. 


Jewel impacting device 


drop the weight five times from a distance 
of 2 inches, five times from a distance of 
6 inches, and five times from a distance of 
12 inches. A jewel would be given a score 
of one for each time it successfully with- 
stood a 2-inch drop, a score of three for each 
time it successfully withstood a 6-inch drop, 
and a score of six for each time it withstood 
a 12-inch drop. The total score of a group 
of five jewels was used in making the evalua- 
tion in each case. It should be noted that 
the pivots were initially selected by 100- 
diameter contour measurement and a 40- 
diameter visual inspection to be sure that 
they did not introduce another variable. 


Figure 11 shows the comparative values 
of a number of different materials includ- 
ing material G which had been in use for 
matly years. 

It should be noted that the impact 
strength is not a function of material 
only, since jewels were actually produced 
from material H which varied in impact 
strength from practically zero when over- 
strained to a value of 30 when completely 
annealed as shown at J. The value plot- 
ted at H is the average which can be held 
for the optimum manufacturing process 
worked out. 

The materials investigated covered 
ordinary soft glass A; a considerable 
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Table Il. Jewel Roll of Instruments After 
Approximately 900,000 Pointer Movements 
Up and Down Scale 


= 


Instrument Angle* 
No. © (in Degrees) 

Lee ere er 3.2) 

DZ alciee tae 3.2 
Hot-formed jewels........ Da giarsmeenhee 0.3 

A rears erate 15 

Diavatreie eee 0.6 

Lia westasecerieie fe 170". 

Biers oats te Mere 0.9 
Sapphire jewels........... Sigil ate Rese 1.0 

AG nite iese' boule 1,0 

Dif rete cte drePae 1.2 


Initial jewel roll was negligible. 


* Instrument scale angle 90 degrees. 


range of so-called “‘hard glasses,’ B, C, D, 
E, F, G, the material used some years ago, 
and H. Material H has a very high soft- 
ening point and is unique in having a large 
percentage of alumina. 

Since vibration is present in many in- 
strument applications, H jewels were com- 
pared to sapphire in respect to bearing life 
under vibration. A table which gave 
each point in the instrument a circular 
motion in a plane 45 degrees from the 
horizontal with a diameter of 0.020 inch 
and a frequency of 1600 rpm was used. 
Results showed the two bearings to be 
comparable. 

From an analysis of the above data and 
examination of the pivots and jewels it 
was obvious that material H represents 
very distinct progress over the previously 
used glass jewel. Since sapphire is harder 
than the steel pivot, the effect of heavy 
impact is to cause a deformation of the 
pivot. When this deformation occurs, the 
precision of the instrument is impaired, 
because the moving system is no longer 
supported by a smooth bearing, but is 
rolling on an irregularly shaped mush- 
roomed pivot. This effect will always be 
present and will be noticeable at any part 
of the scale, since the whole end of the 
pivot is deformed. In the case of mate- 
rial H, the point at which the jewel mate- 
rial deforms is approximately the same as 
that at which the pivot deforms, so that 
up to this critical point, impact has no 
effect. Beyond this point, there is very 


McCune, Goss—Jewel for I ndicating Instruments 


2IFY-M 


IMPACT TEST SCORE—UNITS 
SAPPHIRE 


MATERIAL 


Impact tests on hot-formed jewels 
and on sapphire jewels 


Figure 11. 


slight deformation of the pivots, and a 
minute area of the jewel surfaceiscrushed. 
Because of the fact that the pivot flies up 
from its regular seat under impact, this 
deformed part of the jewel is very likely 
not to be at the point where the pivot 
usually travels and, therefore, is unlikely 
to affect the performance of the instru- 
ment in any way. 

The technique of manufacturing in- 
strument jewels with carefully controlled 
dimensions to give the impact strength of 
H has been worked out, and these can 
now be produced in quantities sufficient 
to assure that the jewel bearings will not 
be a limiting feature in the quantity of 
instruments which may be produced. 

In conclusion, the original result de- 
sired was a jewel which could be produced 
in quantity, and which would involve the 
least. possible sacrifice over sapphire for 
miniature instruments. The data in- 
dicate that there is little to choose be- 
tween the new jewel and sapphire for 
actual miniature instrument application. 
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Synopsis: In the application of differential 
relays the need for a supervising relay which 
will detect the existence of a single-phase-to- 
ground fault condition to the exclusion of all 
others has frequently arisen. Heretofore, 
the only scheme available has been to utilize 
a relay energized by zero-sequence quanti- 
ties. Generally, the relay has been ener- 
gized by a current transformer connected in 
the station ground. Such a relay, however, 
will also detect the existence of a two-phase- 
to-ground fault and only partially solves the 
problem. The new relay described in this 
paper derives its operating force from the 
-zero-sequence voltage at the bus and is 
_restrained by the negative-sequence voltage 

at the bus. The addition of properly pro- 
‘portioned negative-sequence restraint pro- 
vides the relay with a means of recognizing 
a single-phase-to-ground fault only. It is 
applicable on those systems where the zero- 
sequence impedance of the system exceeds 
the negative-sequence impedance by a 
reasonable margin. 


Application 


N the application of differential relays 

to the protection of generating station 
busses, it is frequently the case that single- 
phase-to-ground fault protection only is 
desired. In such cases, the differential 
relay is connected in the residual circuit, 
or zero-sequence network, from the cur- 
rent transformers. Again, it is sometimes 
desirable to supplement three-phase dif- 
ferential relays with a fourth differential 
relay connected as above in order to ob- 
tain increased sensitivity for phase-to- 
ground faults. This latter condition is 
frequently encountered when systems are 
grounded through an impedance, so that 
the maximum value of phase-to-ground 
fault current is distinctly limited. In 


GENERATOR 


Figure 1. Schematic diagram of generator bus 
with fault on feeder circuit 


Zy—Grounding impedance 

Z7—\mpedance of generator 

Zar—Impedance from bus, G, to fault F 

4, 2, O—Where necessary, these subscripts are 

used in addition to those shown above to 
indicate the sequence network involved 


SEPTEMBER 1942, VOL. 61 


New Single-Phase-to-Ground 
| Fault-Detecting Relay 


W. K. SONNEMANN 


ASSOCIATE AIEE 


such cases the setting of the fourth or 
ground relay is considerably more sensi- 
tive than that of the phase relays, and the 
problem then becomes one of keeping the 
residual differential telay from tripping 
erroneously for heavy external phase-to- 
phase short circuits. Where conventional 
relays are used with current transformers, 
the major difficulty arises when a false 
differential current appears in the ground 
relay caused by unequal saturation of the 
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various current transformers in the 


faulted phases, this condition being par- 
ticularly emphasized by the presence of 
d-c transient. When the linear coupler 
relay scheme! is used, the fourth or ground 
relay set sensitive may also operate falsely 
for heavy external phase faults, not be- 
cause of saturation, but depending upon 
the relative values of the maximum fault 
currents, the sensitivity of the relay, and 
the accuracy of the linear coupler trans- 
formers. 

A solution to this problem is to block 
out the ground relay for every type of 
fault except single-phase-to-ground. This 
applies whether conventional relays and 
current transformers, or the new linear- 
coupler scheme is used. The method is to 
connect the contacts of the supervising, 
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or single-phase-to-ground fault-detecting 
relay, in series with the contacts of the 
main differential relay. If the latter re- 
lay then closes its contacts in error upon 
the occurrence of a heavy external two- 
phase-to-ground fault, for example, but 
the supervising relay properly maintains 
its contacts in the open position, no harm 
results. Up to now, no such supervising 
relay has been available which would rec- 
ognize the existence of a single-phase-to- 
ground fault to the exclusion of all other 
types of faults. The new relay described 
in this paper is such a relay. 


Operating Principle 


The new relay operates in accordance 
with the magnitude of the negative-se- 
quence voltage and the zero-sequence 
voltage at the bus. The contact-closing. 


Figure 2. Sequence network 
connections for 


(a). Single-phase-to-ground 
fault 

(b). Two-phase-to-ground 
fault 


ZERO-SEQUENCE 
NETWORK 


CONTACTS 


OPERATING VOLTAGE, Vo —PER CENT 


ce) 20 40 60 80 100 
RESTRAINING VOLTAGE, Va —PER CENT 


Typical operating characteristics 
of relay 


Figure 3. 


The voltages shown are measured on the input 
side of the sequence filters 
Vy>—Zero-sequence voltage 
V,—Negative-sequence voltage 


force in the relay is developed in propor- 
tion to the zero-sequence voltage, while 
the restraining force opposing contact 
closing is proportional to the negative-se- 
quence voltage. 

The proper application of the relay re- 
quires that the zero-sequence impedance 
of the system must exceed the negative- 
sequence impedance of the system by a 
reasonable margin. This requirement 
goes hand in hand with the need for the 
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STATION BUS 


COIL 


NCONTACTS 


relay. On solidly grounded systems, 
where the ratio of zero-sequence to nega- 
tive-sequence impedance at the generat- 
ing station bus is low, ground-fault pro- 
tection will generally be obtained by 
means of the phase differential relays, thus 
eliminating the need for the supervision 
of a nonexistent sensitive ground relay. 
When a grounding impedance is used, 
however, the need for the ground differ- 
ential relay appears. At the same time, 
the use of the grounding impedance 
makes possible the application of the new 
supervising relay. 

Figure 1 shows a schematic diagram of 
a generator bus with a fault on a feeder 
circuit. The generating capacity has 
been shown as an equivalent single gen- 
erator. To make the case more general 
for the detailed derivations in the ap- 
pendix, an impedance, Zg,, has been 
assumed between the generator bus, G, 
and the fault at F. 

Figure 2 shows the sequence network 
connections for single-phase-to-ground 
and two-phase-to-ground faults.? Phase- 
to-phase and three-phase faults need not 
be considered, inasmuch as no zero-se- 
quence voltage is involved for these faults, 
and hence the relay would not experience 
any operating force. For convenience in 
simplifying the explanation of the relay 
operation, consider for the moment that 
the impedance, Z¢,, between the genera- 
tor bus and the fault, F, iszero. Thisis 
equivalent to assuming that the fault oc- 
curs directly on the bus. Referring to 
Figure 2b for the two-phase-to-ground 
fault condition, it will be seen that the 
negative-sequence voltage to neutral at 
the bus is of necessity equal to the zero- 
sequence voltage to neutral, since the 
two networks are connected in parallel, 
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PERMANENT 
MAGNET 


Figure 4(left). Sche- 


K; and Ky are de- 


Under this condition the relay will receive 
equal negative- and zero-sequences volt- 
ages from potential transformers con- 
nected to the bus and must not operate. 
The restraining coil of the relay must, 
therefore, be so proportioned as to be more 
powerful than the operating coil of the 
relay when both of these relay circuits 
receive equal voltages. Referring to Fig- 
ure 2a for the single-phase-to-ground 
fault condition, it will be noted that the 
zero-sequence voltage will exceed the 
negative-sequence voltage in the same 
ratio as the impedance of the zero-se- 
quence network exceeds that of the nega- 
tive-sequence network. It will be noted 
that the value of the grounding imped- 
ance, Zy, has been inserted in the zero- 
sequence network at three times its actual 
value in accordance with the conventional 
theorem. Since the same numerical value 
of current flows through the negative- 
sequence and zero-sequence network of 
Figure 2a, it follows that it is only neces- 
sary for the impedance of the zero-se- 
quence network to be sufficiently high 
with respect to the impedance of the 
negative-sequence network to cause re- 
lay operation. The ohmic value of the 
grounding impedance, Zy, will generally 
run quite high compared to the negative- 
sequence impedance of the generator, so 
that this condition is not difficult to 
meet, 

Assume that the negative- and zero-se- 
quence networks of Figure 2 are equal in 
ohmic value. It then follows that the 
negative- and zero-sequence voltages 
would be equal for each of these two 
cases. This is the limiting value in that 
if the relay-restraining and operating coils 
were so proportioned that the relay would 
be on the verge of closing, its contacts for 
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elements to station RE b 
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OSCILLOGRAPH 
ELEMENTS 
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sign constants of the ree i! 
filter units BANK K2Vo 1 
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SEQUENCE 
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FILTER 
ELEMENT FOR RELAY FOR 
INITIATING 
CONTACT INDICATION he 
Figure 5 (right). eee 
Diagram of test con- VOLTS D-C 
nections . RELAY, INCLUDING FILTERS 
RECTIFYING 
UNIT 


a two-phase-to-ground fault, Figure 2b, 
then it would also be on the verge of 
closing its contacts for a single-phase-to- 
ground fault, Figure 2a. It follows more 
or less obviously that if Zp is greater than 
Z», the relay can be properly proportioned 
to discriminate between single-phase-to- 
ground and two-phase-to-ground short 
circuits. (Discrimination is automatic 
for phase-to-phase and three-phase short 
circuits, since no zero-sequence voltage 
is involved in these faults.) 

It is desirable to establish a criterion 
for limits of application, and in this case 
it is felt that if the ratio Zo/Z2 is equal to 
or greater than 2/1, then a relay having 
characteristics similar to those illustrated 
in Figure 3, will meet the requirements 
satisfactorily. 


Typical Application 


Assume that Figure 1 represents a 
13.2-kv installation and that the equiva- 
lent single generator has a rating of 20,000 
kva. This is a relatively small capacity 
but is so chosen as to be on the pessimistic 
side in that the negative-sequence imped- 
ance will be relatively high. Typical 
values for the subtransient and negative- 
sequence reactance have been taken at 
12 per cent each, and a zero-sequence 
reactance of four per cent has been as- 
sumed for the machine. The grounding 
impedance, Zy, is assumed to be a two- 
ohm resistor, inasmuch as this is a value 
very frequently encountered. Using the 
above values of impedance and taking 
7,620 volts to neutral as 100 per cent 
voltage, single-phase-to-ground and two- 
phase-to-ground faults on the bus were 
calculated. For the  single-phase-to- 
ground fault, the negative-sequence volt-. 
age is 16.2 per cent and the zero-sequence 
voltage is 93.2 per cent. From the curve, 
Figure 3, when V.=16.2 per cent, the re- 
quired value of zero-sequence voltage, 
Vo, to operate the relay is 26 per cent. It 
is thus seen that the margin of the zero- 
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sequence voltage available over and above 
hat required to barely operate the relay 
is ample. For the two-phase-to-ground 
fault, values of V2=49.5 per cent and 
Vo=49.5 per cent were calculated for the 
assumed system. From the curve, it is — 
pound that at 49.5 per cent restraint volt- 
age, the operating voltage, Vo, would have 
to be 79.5 per cent. Thus, the relay will 
not operate for the two-phase-to-ground 
fault. The calculations have been based 
on using the subtransient reactance of 
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the machine in the positive-sequence net- 
work, since the relay is a high-speed relay. 

While the relay has actually been made 
in the high-speed form, operating in one 
cycle or less, the principles involved are 
easily applied to other types of design so 
that the relay could be made “‘slow speed”’ 
if desired. 

Figure 4 shows a schematic diagram of 
connections illustrating how the relay is 
energized from potential transformers 
connected to the station bus. 
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Tests 


In order to check the actual operation 
of the relay against the theory, a test 
setup was made as shown in Figure 5, 
A system was represented in miniature, A 
variable resistor, Ry, was utilized as a 
grounding impedance in order that a 
minimum value for proper relay opera- 
tion might be obtained and this checked 
against the calculations. 

The location of oscillograph elements is 


Figure 6. Test oscil- 
lograms 


(a). Single - phase- 
to-ground fault 
Lo/Z,=14.8 


(b). Two-phase-to- 
ground fault 
Lo/ Zo ==14.6 


(c). Single-phase- 

to-ground fault de- 

veloping into two- 
phase-to-ground 
Lo/2.=14.8 


(d). Single-phase- 
to-ground fault 
Minimum resistance 
the neutral for 
correct operation of 
relay 


Zo/Z,=1.7 


K,V. = Negative - se- 
quence volt- 
age output of 
filter 


(6a) 


ky, 


— Wh Al ey 

quence ae 
age output of 
GA filter i 
shown in Figure 5. Elements were used 
to obtain traces of the phase-to-neutral 
voltages, V,, Vp, and V,, and the negative- 
and zero-sequence voltages, K,V2 and 
K2V>. The sixth element was used to ob- 
tain an indication of the operation of the 
relay contact. It should be noted that 
the output of the sequence filters is not 
numerically equal to the input quanti- 
ties; hence the constants of proportion- 
ality, K; and K:, have been used as indi- 
cated above. 


Sonnemann—Fault-Detecting Relay 


POR AMO IOREE i te 
CONTACT Vine 


‘eieeetahadickesime 


Ay 


IVVVV VV VV 


Figure 6a shows the results of a test 
where phase a was faulted to ground. 
The ratio Z)/Z, was 14.8 for this test. 
It will be observed that the relay properly 
closed its contact in 0.83 cycle. It will 
also be noted that there is a slight 60-cycle 
component and an appreciable harmonic 
component in the output of the negative- 
sequence filter prior to the fault. The 
60-cycle component is explained by the 
fact that the filter was not perfectly bal- 
anced in its adjustment, and neither were 
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Bx : ‘cil 
the three-phase-to-neutral voltages per- 
fectly balanced in the miniature setup. 
The existence of the harmonic component 
is occasioned by the fact that an iron core 
reactor is utilized in the filter design. In 
practice, the fact that the negative-se- 
quence filter will have a combined output 
of fundamental and harmonic frequen- 
cies on the order of two volts or less under 
normal balanced conditions does not do 
any harm. 

Figure 6b shows the results of a two- 
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phase-to-ground fault on phases a and c. 
The ratio Z)/Z,=14.8 was kept the same 
as before. The calibration of the oscillo- 
graph elements remained the same, as in 

_all cases to follow. The contacts of the 
relay did not operate. The relative mag- 
nitude of the deflections of the elements 
measuring K,V2_ and K2Vo should be com- 
pared for Figures 6a and 6b. 

In Figure 6c, the results are shown for a 
fault which started as one phase-to-ground 
and developed into a two-phase-to-ground 
fault. As before, the ratio of Zo/Z. was 
kept at 14.8. The contacts first closed, 
as they should, in 0.9 cycle. When the 
second phase faulted to ground, the con- 
tacts opened in 0.48 cycle. The film indi- 
cates that the contacts were slow in open- 
ing the contact circuit. This is for the 
reason that the d-c current used in this 
element was kept high—just about at the 
limit that the relay contacts would suc- 
cessfully break. In practice, these con- 
tacts would not be expected to open heavy 
currents. 


Figure 7. Diagram 
showing arcresistance 
at the point of fault 


The resistance, Ry, was next reduced 
to such a value that the relay would just 
discriminate satisfactorily between one- 
phase- and two-phase-to-ground faults 
and the film, Figure 6d, was taken. For 
this case, the ratio Z)/Z2, was 1.7. Using 
the impedance values for the miniature 
system, a single-phase-to-ground fault 
condition was calculated. The calculated 
values were: V)=58.4 per cent and V.= 
34.2 per cent. At a negative-sequence re- 
straining voltage of 34.2 per cent, the 
curve, Figure 3, indicates that the zero- 
sequence operating voltage required to 
just overcome this restraint should be not 
more than 54 percent. An apparent error 
of 8.2 per cent is indicated in the calcula- 
tions. This is explained on the basis that 
there were errors in the miniature setup 
which could be eliminated if it were found 
necessary to run the test with precision 
laboratory accuracy. The errors include 
the slight unbalance in the negative-se- 
quence filter which was previously men- 
tioned, a slight mutual coupling which 
existed between the reactors used in the 
supply circuit, and the fact that the bur- 
den of the sequence filters was appreciable 
with respect to other constants of the 


680 ‘TRANSACTIONS 


Figure 8. Connections of se- 
quence networks for 


(a). Single-phase-to-ground 
fault 

(b). Two-phase-to-ground 
fault 


POSITIVE NEGATIVE ZERO 
(a) 


miniature system. None of these factors 
was taken into consideration in the cal- 
culations. 

In Figure 6d, the contact closing time 
1.52 cycles under minimum’ operating 


. conditions is still reasonably fast. 


Conclusion 


A relay design is now available which 
will properly discriminate between single- 
phase-to-ground faults and all other 
types of faults on grounded systems when 
the ratio of the zero-sequence impedance 
of the system to the negative-sequence 
impedance is greater than unity. 


Appendix 


Let it be assumed that the fault occurs at 
the point, F, of Figure 1, and that the arc 
resistances are represented as shown in 
Figure 7. The sequence network connec- 
tions are shown by Figure 8 for the single- 
phase-to-ground and two-phase-to-ground 
faults. The points G, F, and W are shown 
in these diagrams. 


Case I—Single-Phase-to-Ground Fault 
Referring to Figure 8a, let 
Z=27+Zort+Rs/2 (1) 
Z,= Lp +ZoertRs/2 (2) 
and Z=3Zy+Zor+Zoer+Rs/2+3Re (3) 
In the series connections of networks 
h=h=Ih (4) 


E 


UA 
mau Ze Zee 7s 


(5) 


The negative- and zero-sequence voltage 
drops at the bus, G, are 


E,g=0—-hLyr (6) 


and Eug=0—-h(8Zy+ Zor) (7) 


Substituting J; for Ip (since these are 
equal, equation 4) in equation 7, and dividing 
equation 6 by equation 7, a ratio, Rj, is 
obtained 


Eyg 8 Lr 
Eyg (8Zy+Zor) 


R= (8) 


Equation 8 gives the relationship existing 
between the negative-sequence restraining 
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voltage and the zero-sequence operating 
voltage when the relay must operate. 


Case II—Two-Phase-to-Ground Fault 


Referring to Figure 8b, let equations 1, 
2, and 3 stand as before. In this case, how- 
ever 


JA — EC LZo+h) (9) 
DZiLee Liza Lika 

Zo 

I,= —I, 10 

2 ‘74D, (10) 
2, 

yf I 1l 

0 7 ae A (11) 

As in Case I, 
E,¢=0—-h2yr (6) 
and Evg=0—-hh(38Zy+Zor) (7) 


Substituting for J, and Jp in terms of h, 
equations 6 and 7 become 


ee 
E,g=0+h =—> Zr 


Z+Zo Se 


Zz 
Eog= 0-2 


13 
Z,+Lo a 


A new ratio, Re, between the negative- 
sequence restraining voltage and zero- 
sequence operating voltage, is obtained by 
dividing equation 12 by equation 13 


VAV AT 
R= 14 
* Zi 3Zy+Zor) Se 
Summary 


If the relay is to discriminate properly 
between the conditions of case I and case 
II, then the ratio, Re, must be greater than 
the ratio, Ri. Dividing equation 14 by 
equation 8, there results 


Zh 
Ro/ Ry ae 


2 


(15) 


Equation 15 indicates that if Z)/Z.>1, 
then R:/R:>1, and the relay will receive 
more restraining voltage in proportion to 
operating voltage for the two-phase-to- 
ground fault condition than it will for the 
single-phase-to-ground fault. 
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O n Eddy Currents in a Rotating Disk 
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DEVICE which often occurs in 
g electric machines and instruments 
consists of a relatively thin conducting 
disk rotating between the pole pieces of a 
permanent magnet or electromagnet. 
The author has received inquiries as to 
the method of calculating the paths of the 
eddy currents and the torque in such . 
cases. The following rather simple 
method, which is quite accurate for a 
permanent magnet, seems not to be de- 
scribed in the literature. It assumes that 
the disk is so thin that the skin effect can 
be neglected. This is true for all fre- 
quencies that can be produced mechani- 
‘cally. To facilitate calculation in the sheet which may or may not extend to in- 
special case of circular poles it is also as- _finity, and let us define the stream func- 
: tion U(x, y) at any point in the sheet to 
= be the current flowing through any cross 
section of the sheet extending from P to 
its edge. The line integral of B or H over 
the closed path that bounds this section 
equals 4rU. From symmetry the con- 
tribution from the upper and lower halves 
of the path is the same so we may write 


should know its derivation which, as given 
by Maxwell, is difficult for modern stu- 
dents to follow. A simplified proof which 
brings out the points essential for our 
problem is given below. 

The object is to calculate the magnetic 
induction B produced by the eddy cur- 
rents of density ¢ induced in a thin plane 
sheet of thickness }, unit permeability and 
conductivity y lying in the xy plane by a 
fluctuating magnetic field of induction 
B! Evidently the only components of 
i effective in producing magnetic effects 
parallel its surface. Let the eddy cur- 
rents be confined to a finite region of the 


4rU=$B-ds=+2 | Brdx 


==2 [54 (1) 


where the choice of sign depends on the 
side of the sheet chosen for the integra- 
tion. Differentiating this equation gives 


Figure 1. Geometrical relations for deriva- 
tion of formulas for stream function 


sumed that 27waby=ea is much less than 
one where w is the angular frequency of 
rotation in radians per second, a the pole- 
piece radius, b the disk thickness, and + ‘ 
the electric conductivity, all in centi- a als PU Bs 
_ meter-gram-second electromagnetic units. 
This produces a fractional error of less 
than ea in the eddy current densities and 
of less than (ea)? in the torque. In the 
case of the electromagnet the situation 1s 
complicated by the presence of the per- 
meable pole pieces in the magnetic field 
of the eddy currents. This may send a 
large demagnetizing flux through the 
electromagnet. An approximate solu- 
tion for this case will be considered. 


These equations connect the eddy current 
density with the tangential components 


Maxwell’s Formula 


This calculation starts from a formula 
given by Maxwell in 1873,! but apparently 
little known to engineers. To apply it one 
ES OA a ie es 
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Figure 2. Lines of flow of eddy currents in- 
duced in rotating disk by single circular magnet 
pole 
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of the magnetic induction B produced by 
iat the surface of the sheet. 

The eddy currents are generated not 
only by the changes in the magnetic in- 
duction B’ of the external field, but also 
by the changes of the magnetic induction 
B of eddy currents elsewhere in the sheet. 
One of Maxwell’s equations combined 
with Ohin’s law gives the induced current 
to be 


t fo) 
VXE=V -_=—— , 
Lee =~ (B'+B) (3) 


Writing out the zg component of this equa- 
tion and using equation 2 give 


Ce eed mes 
y\Ox oy 2rby\ Ox Oy 
fe) . 
oa as (B,'+B,) (4/) 


Another of Maxwell’s equations states 
that 


4+—=0 (5) 


Combining equations 4 and 5 gives 


.2(B/+B) 1 2B, 
ot  Qeby dz 


(6) 


When OB,'/Ot is known, this equation 
gives the boundary condition on B, in the 
plane of the sheet. This, combined with 
the equations VX B=0 and V-B=0 which 
hold outside the sheet, and the fact that 
B vanishes at infinity serves to determine 
B everywhere. By equations 1 and 2 the 
current density and stream function any- 
where in the sheet can be found. 

The explicit expression for B in terms 


Figure 3. Lines of flow of eddy currents in- 
duced in rotating disk by two circular magnet 
poles 
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Figure 4. Geometrical relations for calcula- 
tion of demagnetizing flux 
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of B’ which was given by Maxwell! can 
be obtained as follows. The right side of 
equation 6 is finite at all times which 
means that if At-0 then A(B,’+B,)—0. 
Thus an abrupt change in B’ instan- 
taneously induces eddy currents such as 
will maintain B’+B unchanged in the 
sheet. Therefore, for a specified change 
in B’ the initial value of B is known, and, 
if no further changes in B’ occur its sub- 
sequent values as the eddy currents decay 
are found by putting 0B’/Ot=0 in equa- 
tion 4 and solving. A second abrupt 
change in B’ produces a second set of 
eddy currents, and so forth. At any in- 
stant the actual field of the eddy currents 
is a superposition of these. As the mag- 
nitudes of the discontinuous changes in 
the external field become smaller, and the 
intervals between them shorter, we ap- 
proach as a limit a continuously changing 
magnetic field. 

Suppose that the sources of the inducing 
field lie above the xy plane where z>0. 
At t=0 the source changes abruptly the 
induction being B,’=Fi(x, y, 2) when 
—o<t<0 and B,’=F(x, y, z) when 
0<t<o. As just shown the eddy cur- 
rents generated at t=0 initially keep the 
field on the negative side of an infinite 
sheet unchanged. When s<0 we have 
therefore 


Brmo=B,'— B,'=F;,(x, y, 2) — F(x, y, 2) (7) 


Since B,’ is not a function of ¢, equation 6 
reduces to 


TSS SS 
Ot 2xby Oz (8) 


These equations, 7 and 8, are satisfied by 


t 
+ —- — 
ms) 
t 
F, eA) oS 9 
¢ us sa te 


Because the eddy currents must die out, 
and their magnetic field must be sym- 
metrical about the sheet, we take the plus 
sign when gz is positive and the negative 
sign when gz is negative. Thus equation 
9 shows that, in addition to By’ which 
would exist if no sheet were present, there 
is a decaying field due to eddy currents 
which appears, from either side of the 
sheet, to be caused by a pair of ‘images 
receding with uniform velocity 1/(2mby). 
Suppose our inducing field has the form 


BaF (~, y, 


= Fi, x,y, 2) (10) 
The change in this field in an infinitesimal 


time interval dr is given by 


° Ft %, ¥, 2)dr (11) 
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The initial field of the eddy currents 
formed in that interval must be equal and 
opposite to this and must die out as if 
their source moved away with a uniform 
speed 1/(2rby). Thus the eddy currents 
at a time ¢ due to a change in the interval 
dr at a time 7 before ¢ is given by 


ee ya (12) 
: Qrby ‘ 


This is Maxwell’s formula. It has many 
applications.2 When the field is pro- 
duced by moving permanent magnets, it 
is convenient to express U in terms of the 
scalar magnetic potential (2. Since we 
have unit permeability we may write 


1 co -—}1 f “on Q 
e me ae 2m 2 or j Qa it) 


Application to Magnet Moving in a 
Circle 


ra) 
dB= aS F(t, xe; 


We now take the case of a magnetic 
field produced by a long right circular 
cylinder of radius a, uniformly and per- 
manently magnetized parallel to its axis, 
so as to give a total flux ®. The magnetic 
pole density in the face is therefore 
®/(27a)*. This magnet moves in a circle 
with a uniform angular velocity w its axis 


1cPE 


arate Ir ie 


being c centimeters from the z axis, and 
its lower end h centimeters above the 
z=( plane in which lies an infinite plane 
sheet of thickness 6 and conductivity y. 
Its upper end is too remote for considera- 
tion. Polar co-ordinates will be written 


% 400 R 800 P 1200 M 1600 


Figure 5. Curves showing torque versus speed 

for large disk rotating between the four rec- 

tangular pole pairs of an electromagnet, 
measured by Lentz 
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unprimed or primed according as they 
refer to the axis of rotation or to the pole- 
piece axis. The scalar magnetic poten- 
tial Q’ of its lower face, of area S, at the 
point P is seen from Figure 1 to be 


P dS _ co 
Q/= = x 
roe 2 a Ry ~ (Qra) 2 


r,'dr;'do" 
VJ Wr 2+72—2n'r! cos 6! 2r,/r' cos 6’ 


where r/?=r?+c?—2rc cos @i+6). This 
combined with equations 12 and 13 give. 
the stream function to be 


) (14) 
VhP+n +R, 2n'Ry! cos 6’ 


where R,/?=r2+c?—2re cos (w(t—7)+4) 
and h,=h+r1/(2rby)=h+u. Let us now 
bring the pole piece down close to the 
plate so that h,=7/(2rby), and bring up a 
similar pole of opposite sign from the 
other side, so that the eddy current den- 
sity is doubled. We now carry out the 
differentiation with respect to ¢ and set 
t=0 so that the 6=0 line bisects the pole 
piece when t=0. The integral then be- 
comes 


( r,'dr;'d0'dr 


sin (@+€x)(R,,'—1r' cos 0’)r;'dr,'d0'du 


15 
Ry! (u?-+11/2+Ry!2—2Ry'n' cos 6’)*/2 7 


where €=2rwby and R,/*=r?+c?—2reX 
cos (@+eu). For 3,000 rpm with a copper 
sheet 0.25 millimeter thick e€~0.01 so 
that wu? in the denominator has reached 
the value 100 when ew reaches 0.1. In 
calculating such a quantity as the torque 
where the current density is integrated 
over the pole piece, the neglect of € pro- 
duces a fractional error less than (€/a)?, 
so that the result should be good to one 
per cent for a sheet one millimeter thick. 
We may therefore drop the € terms so 
that R,’ becomes the r’ in Figure 1 and 
integrate with respect to u giving 
K sin wy 


* (r’—14' cos 0')ry'dr;'d6! 
7! 2 7,/2— Or'r,! cos 6! 


ae we nae written K for the coeffi- 
cient of the integral in equation 15. The 
integral with respect to 6’, from Dwight’s 
table of integrals 860.2, is zero when 
r'<n' and w/r’ when r’>r,’.. Thus the 
upper limit for the 7’ integration is a 
when 7’>a and r’ when r’<a, which gives 


ee 


(16) 


_ wrchy® sin 6 


r'’>a art (17) 
wrcby® sin 6 
TAO U = ——_———_ 
2ra? (1a) 
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xt question is how to restrict the 
ents to the interior of the disk 


[ we use equation 15 to calculate U 
"a second magnet also carrying a flux 
but with circular pole pieces of radius 
a"=Aa/c centered at c”=A?/c, so that 
R,"?=1?+-(A?/c)?—2r(A2/c) cos (6+eu), 
nd change the variables of integration 
from 7’ tor,'A/c, and from u to Au/c, then 
the resultant expression is identical with 
equation 15, except that we have cR,,"/A 
instead of R,’ and Ae/c instead of e. But 
when r=A we see that cR,,”/A=R,’, so 
hat both magnets, one outside and one 
inside the circle r=A, give the same U 
on this circle. Furthermore by taking the 
ir gap in each magnet small, the fluxes 
are confined to the areas under the pole 
pieces, so that neither induces directly 
eddy currents on the other side of the 
circle r=A. It is evident that if the 
fluxes from the two magnets cut the sheet 
in opposite directions, then U=0 when 
r=A and the currents induced by the 
inner pole are kept inside the circle. This 
is exactly the boundary condition for a 
disk of radius A, except that the calcu- 
lated system includes the currents in- 
duced in the region r<A by the magnetic 
field of the eddy currents in the region 
_r>A, which does not exist in the case of 
the disk. This field is proportional to 
Pe which is, by hypothesis, small com- 
_pared with ®, and in addition the source is 
further away, so that the fractional error 
in U will be less than e. We should note 
also from the symmetry that the radial 
component of these secondary currents 
is opposite in sign on the two sides of the 
6=0 line, so that their effect cancels out 
completely in calculating the torque 
which therefore should be accurate to 
terms in e?. The contribution to U from 
the outer magnet is found by putting 
c?R”2/A* for R? inequation 17. Adding 
this to equations 17 and 18, we obtain for 
the stream function of the eddy currents 
in the disk 


R> vy wrcby® sin @ 1 a 
: ad 2Qr r2+¢2—2rc cos 6 
2 
zi ) (19) 
c'v?+At—2rcA? cos 6 
rcby® sin 6 
R<a = Eee a ] —_ 
27a? 


A%q? 


—_ A“) (20) 
cv? +A*—2rcA? cos 8 


The torque may be calculated by inte- 
grating the product of the radial com- 
ponent of the current by the magnetic 
induction and by the lever arm and inte- 
grating over the area S of the pole piece. 
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Thus, using equation 2, we have 


rbie oha +01 OU 
r= ff dS = — r—rdrdé 
s wa wa 6; or 


where 6; and r are connected by the rela- 
tion r?+-c?—2re cos 0,=a?. Substituting 
for U from equation 20 and integrating 
with respect to 0 give 


webyb? 
pig’ 
cba : 
: a®A%r? sin @ 
( sin 0;— Se a or dy 
Em cr?+ A'1—24 2c cos 6; 


(21) 


The integration is simplified by taking a 
new variable uw so that 4acu?=r?—(c—a)? 
which gives the limits 0 and 1. Thus we 
obtain, writing out e, 


<r 


r 


2Qra? 


A%a? 

— Gt) aon, (22) 
This formula gives the torque in dyne 
centimeters when w is in radians per 
second, ® in maxwells, a, b, c, and A in 
centimeters and y in electromagnetic 
units. If we are given the volume resistiv- 
ity p of the disk in ohm-centimeters y= 
10-9/p. 

If the magnet is fixed, and the disk ro- 
tates, the arrangement described exerts 
an undesired force on the disk axis which 
may be avoided by using two identical 
magnets on opposite sides of the axis and 
equidistant from it. This approximately 
doubles the torque given by equation 22. 
The additional torque from the eddy cur- 
rents of one magnet flowing under the 
poles of the other may be found by an in- 
tegral similar to equation 21 which is 


rT whyb?c sig r? sin 6, 
eta? a r?+c?+2rce cos 4; 


r?A2 sin 0; 
= ape (23) 
r2c2t+At+A%re cos Wy 


Integrating by the same substitutions as 
equation 21, adding to equation 22 and 
multiplying by two give 


E ome ete aaa) 
- 4c? ~ 


(A 4—¢4)2 


a2 
wa? 


=wyh*?D,' (24) 


This holds when the two magnet fields are 
antiparallel. If we subtract the integral 
of equation 23 from equation 22 and mul- 
tiply by two we get 


Jawan," 
(25) 


wh yb?c?/4c?—a? 4a%c?A' 
er aie ( Ac? (A4—¢2)2 


ra 


This holds when the two magnetic fields 
are parallel. The arrangement of equa- 
tion 24 gives more torque than that of 
equation 25. The eddy-current flow lines 
corresponding to constant values of U as 
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calculated from equations 19 and 20 ap- 
plied to the cases of equations 22 and 24 
are shown in Figures 2 and 3 where a= 


7 cm, c=7 cm, A=10 cm and why’/ 
(23) =3.5. The value U on the outer 
boundary is zero and changes by steps of 
one in Figure 2 and steps of two in Fig- 
ure 3. 


Demagnetizing Effects 


So far the magnet pole pieces have been 
assumed to be so hard that they do not 
short-circuit the flux of the eddy currents. 
This is not true for the permeable pole 
pieces of an electromagnet, whose effect 
may be calculated approximately by ob- 
serving that the current 2U is enclosed by 
the rectangular path 1-2-3-4-1 in Figure 4, 
which lies in the upper and lower pole 
pieces except where it cuts across the disk 
and gap normally at r=r, and 0= +6, 
If the reluctance of this circuit lies en- 
tirely in the air gaps, each of length g, then 
the magnetic flux density B, due to the 
eddy currents alone at 11, +0, is 4rU/g. 
Substituting for U from equation 20 and 
writing as before e=27wb gives 


cer;P sin 6, 
a= 1 
wag 


This shows that when b and g are com- 
parable in size B, cannot be neglected 
compared with the original flux density 
®/(ra*). The sin 0; term shows that the 
radial component of the eddy currents 
induced by B, have opposite signs under 
the two halves of the pole piece, so that 
they contribute nothing directly to the 
torque, but on the other hand they form 
closed circuits about the central portion 
and so produce a demagnetizing magneto- 
motive force in the electromagnet. The 


A 2q2 
z orPe+A4—2r,cA? cos 6; 
(26) 
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Figure 6. Curves showing torque versus speed 

fora large disk rotating between the single pair 

of circular pole pieces of an electromagnet 
as given by equations 22, 27, and 28 
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stream function U, of these eddy currents 
is calculated as U is, but to simplify mat- 
ters we carry out the operations from 
equations 14 to 16 for a single element of 
the pole face, along with its image ele- 
ment outside the circle r=A. We then 
give each element the strength indicated 
in equation 26 and set up a definite in- 
tegral for U over the pole-piece area. 
This method is less exact than setting up 
equation 14 for the whole face, because it 
ignores that part of the flux threading dS 
from the current induced by B, outside 
this area, which is of the order €B,dS. 
The eddy currents U, are evidently 
equivalent to a magnetic shell of variable 
strength U, in the sheet and to get 5, the 
demagnetizing magnetomotive force we 
must find the equivalent uniform shell. 
Thus we have 


1 
Beno f vas 
Twa 8 


where |S is the area of the pole face. We 
now have a complicated quadruple inte- 
gral involving the variables 7’, R’, 0’ and 
6; whose evaluation can be simplified 
somewhat by integrating in the proper 
order. The result is 


* mre 2a7A2(A2-+-c?) 

Cae 4g c2(A2—c2)2 

2A4 (A2—¢2)2 
lo 


s 
cA € (A2—c?)2?— a? 


) = B?770*b (27) 


If the flux penetrating the sheet at rest is 
®), then when in motion we have, if ® is 
the reluctance of the electromagnet, P= 
By — B?y*w°h/R, so that 


Ro 


f= A+ By 20? 


(28) 
The expressions for the torque now be- 
come 
R2bo2D 
(R+ B?y*w?)? 

where D has the values given in equations 
22, 24, or 25, according to the pole ar- 
rangement. There is now a definite speed 
for maximum torque which is found by 
setting OT /Ow=0 to be 


1 JR 
On 4G] — 
By Ws (30) 
Putting this in equation 29 gives 
7, = 8V 3RbiD ey 


168 


This is independent of the conductivity 
which is surprising, although there is some 
evidence for it in Lentz’s experimental 
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curves shown in Figure 5 which give hot 
and cold copper disks the same T;, for 
different w,,. 

These calculations of demagnetizing 
effects have been worked out for a single 
pole. For an even number of poles with 
alternating signs, we have seen that the 
torque per pole is increased, but the de- 
magnetizing forces are also increased so 
that the torque obtained by multiplying 
equation 29 by the number of poles will 
probably not be far wrong. The speed for 
maximum torque given by equation 30 
will certainly be decreased, perhaps con- 
siderably, because of the increase in 8. 

The only formula we can find for this 
torque is one derived by Rtidenberg.* 
This formula is written as a double infinite 
series and is derived by considering a thin 
conducting strip bounded by straight 
lines which moves lengthwise in the nar- 
row gap between magnetic poles with 
rectangular faces. The fields of adjacent 
poles are antiparallel, so that the inducing 
fields can be expanded in a double series 
of odd harmonics. This formula was 
checked qualitatively by Zimmermann,* 
but could not be verified quantitatively, 
as the theoretical and experimental 
boundary conditions did not agree. Lentz 
found only those terms involving the 
lengthwise harmonics were of importance 
and dropped the rest. His experimental 
brake had the center of the disk removed 
to simulate a ring whose width roughly 
equaled that of the postulated strip. His 
four poles were so far apart that their 
action was nearly independent. We have 
redrawn in Figure 5, his experimental 
curves giving the torque in meter kilo- 
grams against angular velocity in revolu- 
tions per second. The ring had inner and 
outer radii of 5 centimeters and 25 centi- 
meters and was 0.4 centimeter thick. 
The air space was 1.2 centimeters, and 
the centers of the rectangular pole pieces 
were 20.75 centimeters from the rotation 
axis and were 6 centimeters (radial) by 8 
centimeters (tangential). The inducing 
field was 2,150 gauss at rest. The figures 
on the hot copper curve show the esti- 
mated stable mean temperature for that 
speed. 

A direct quantitative comparison of our 
formula with Lentz’s data is difficult, be- 
cause he used rectangular poles, his air 
gap was so large as to spread the inducing 
field over an unknown area, the center of 
his disk was cut away, and we do not 
know where his flux density was meas- 
ured. Although our formulas are inac- 
curate for such large dimensions at the 
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high speeds, it is interesting to see what 
results they give for a comparable case. 
Let us take b=0.4 cm, A=25 cm, a=4 
cm, c=21 cm, g=0.6 cm, B=2,000 gauss 
and assume the reluctance entirely in the 
air gap. In equation 22, D,=1.23, in 
equation 27, 6=3.85 and in equation 28 
R=0.012. The angular velocity for maxt- 
mum torque for copper (y=1/1,700) is 
given by equation 30 to be 27.9 radians 
per second or 267 rpm. Tip is 1.15 108 
dyne cm or 1.17 kilogram-meters for this 
single pole and roughly four times this for _ 
four poles. Expressing TJ’ in kilogram- 
meters and w’ in rpm, equation 29 be- 
comes 


0.007850 . 
= (1+-0.00000476"2)? © 


La 


This formula is plotted in Figure 6. A 
comparison of Figure 5 with Figure 6 


- indicates that our formula gives too rapid 


a falling off in torque at high speeds. It 
should be pointed out that other condi- 
tions, such as the degree of saturation of 
the iron in the magnet will upset the as- 
sumed relation between magnetomotive 
force and ® and may modify equations 28, 
29, 30, and 31 considerably. 

The methods given in this paper may be 
extended to any number of poles by the 
method used for two and to other than 
circular faces. Several such calculations 
have been carried out, but it is doubtful 
if the additional theoretical accuracy jus- 
tifies publishing them. The difference 
between the ideal boundary conditions 
used here and those found in apparatus 
is such that we recommend that the 
torque for one pole be calculated by equa- 
tion 22 for permanent magnets or by 
equation 29 for electromagnets, and the 
result multiplied by the number of poles 
to give the total torque. In power ap- 
paratus the heating of the disk will change 
its resistivity and may cause it to expand 
and buckle and otherwise upset the cal- 
culations, 
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O write about poles and the preserva- 
# tive treatment of poles today is like 
writing the review of a very successful 
play that has been running a long time. 
The players are not men, but inanimate 
poles. The natural backdrop is the for- 
est. The stage is as broad as the United 
States and the setting is a criss-cross of 
thousands of miles of utility and communi- 
cation lines. The engineers of these lines 
are the producers and directors of the 
play; and it is they who assign the parts 
to the various actors and write a changing 
script as the play progresses. It is the 


_ purpose of this paper to present certain 


: 


highlights of the more important scenes, 
such as pole use and the drain on the for- 
est, pole manufacture and treatment 
under standard specifications, and pole 
strength, and to discuss some possible 
rearrangements in the setting that may 
become necessary. 


An Outline of the Pole Problem 
In the forest are standing trees of vari- 


ous diameters and heights, some of which 
become poles. There are broad-leaved 


_ trees called hardwoods, and needle-leaved 


= 


trees or conifers, called softwoods. In any 
tree there is a central core of more or less 
durable, nonliving wood known as the 
heartwood, which is surrounded by a 
layer of living wood known as the sap- 


wood. There are durable woods in both’ 


the hardwood and softwood groups. The 
durable woods have relatively large 
heartwood cores and relatively thin sap- 
wood; and the nondurable woods, on the 
other hand, are likely to have relatively 
thick sapwood. 

The history of change in practice that 
has taken place since the first chestnut 
lines were built is a story of the shift 
from naturally durable woods to nondura- 
ble woods, and this change has involved 
the introduction and use of preservative 
materials to give the nondurable woods 
an economic service life. 

One of the most important reasons for 
the shift was a national disaster in the 
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form of the chestnut blight disease which 
has wiped out completely the commercial 
chestnut forests of the United States. 

At the same time the supply of north- 
ern cedar became inadequate, at least as 
far as the sizes required for joint use were 
concerned. The question of selecting 
proper pole size became more and more 
important. The growth of the electrical 
industry had not followed a simple pat- 
tern, and the need for correlation of ideas 
and a rational standardization of pole 
practice led to the writing and acceptance 
of the American Standard Specifications 
for Wood Poles.! These specifications 
have had a most important influence on 
modern pole production. They were 
written around the natural poles of the 
forest; and they were designed to make 
suitable species interchangeable and to 
encourage the use of the greatest possible 
number of pole-size trees. 

Other specifications had to be written 
or rewritten to cover the preservative 
treatment. The writers of these specifi- 
cations focussed their attention on the 
finished pole, leaving only so much of 
process control in the specifications as 
was necessary to protect the timber from 
injury. This focussing generally took the 
form of defining acceptable limits for 
penetration. Practically speaking, the 
only universally accepted preservative 
was coal tar creosote. One major objec- 
tive only was held in view in the preser- 
vation processes, namely, to fill the non- 
durable sapwood, whether it was very thin 
as in chestnut, or whether it made up 95 
per cent of the pole as in many southern 
pines, with enough toxic creosote to pre- 
vent the growth of wood-destroying fung1. 


Pole Use 


Figure 1 is a copy of an old map made 
about the turn of the century to show the 
economic limits for the distribution within 
the Bell system of certain pole timbers. 
For the greater part of the country chest- 
nut and northern cedar were favorites. 
In the western states western cedar was 
a natural selection. Creosoted southern 
pine had just begun to spread up from the 
southern pine forests, reaching as far 
north as St. Louis. The contrast between 
Figure 1 and Figure 2, which represents 
conditions in 1941, is striking. Chestnut 
is gone. The eastern scene is almost 
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completely dominated by southern pine. 
Western cedar is distributed from the 
northwest and from the concentration 
yards at Minneapolis. Northern cedar 
is confined to parts of the New England 
states and the Lake states. Lodge-pole 
pine serves the Mountain states area. 
Douglas fir is being shipped from the fog- 
belt forests of Oregon and Washington, 
either directly or through Minneapolis 
to the eastern and southern states, The 
lines of distribution cross and recross in a 
perplexing pattern woven from prefer- 
ence, policy, price, and freight rates. 

Many of the changes indicated in Fig- 
ure 2 have been inevitable. Expansion of 
joint use, which has been easier since the 
standard pole specifications have become 
more widely accepted, has had a tendency 
to increase the length of the poles re- 
quired for certain services. This has in- 
evitably thrown the demand back on 
southern pine and western red cedar; 
and within the last two years the practical 
difficulties in securing large quantities 
of long southern-pine and western-cedar 
poles have practically forced the produc- 
tion and use of Douglas fir. 

Figure 3 is a composite diagram, 
worked out by Doctor J. G. Segelken of 
the Bell Telephone Laboratories, present- 
ing in a new fashion a picture of the rela- 
tive use by the Bell system of some sizes 
of the pole species shown in Figure 2. 
Certain facts stand out plainly. One is 
the relative use of northern cedar and 
western cedar in the 30-, 35-, and 40-foot 
groups. Another is the major position of 
creosoted southern pine. A few years ago 
the Bell system bought between 30 and 50 
per cent of all creosoted-pine poles pro- 
duced in any one year. Now only about 
15 per cent of the production goes into 
Bell system lines; but the predominance 
of creosoted southern pine in the Bell 
system use picture is a factor of major 
importance. 


The Drain on the Forest 


The degree of this importance is illus- 
trated by Figure 4, derived from the an- 
nual reports prepared by R. K. Helphen- 
stine, Jr.,2 of the United States Forest 
Service. Piles and poles are much alike, 
and they come from the same forests, so 
that one cannot speak of a natural supply 
of trees for poles without taking the de- 
mand for piles into consideration. 

The number of standing trees per acre 
in the pine forest that will make either 
piles or poles 35 feet or more in length is 
relatively small. Therefore, any increase 
in the demand for long poles inevitably 
means the working over of a larger num- 
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Figure 1. Distribution of poles used 
by the Bell system shortly after 1900 


ber of acres with consequent increased 
labor and longer hauls. The Southern 
Forest Experiment Station at New Or- 
leans conducted a unique survey in 1934- 
1936 which revealed that there was a more 
than adequate supply of pole trees of 
small diameter under 25 feet in length, 
but that the number of suitable trees in 
the larger sizes was relatively small. 
Figure 5 Shows the relative use within the 
Bell system and outside of the Bell sys- 
tem for 35-, 40-, and 45-foot southern-pine 
poles, classes 1 to 7, American Standard. 
The 35-foot class 5 pole, which is a favor- 
ite for joint use makes up roughly 10 per 
eent of the total requirements. The rela- 
tive natural occurrence in the forest of 
trees to make these poles is only one per 
cent of the total forest stand. The survey 
figures indicated that the number of 
trees suitable for 35-foot class 5 poles and 
for piles of about the same size taken to- 
gether was approximately 3,500,000. 
This looks like an adequate supply. But 
approximately 23 per cent of the poles re- 
quired for use outside of the Bell system 
are for 35-foot poles of smaller diameter, 
and the heavy demand for 30-foot class 
6 and class 7 poles for cross-country lines 
and rural extensions during the last few 
years has meant cutting trees which, had 
they been left standing, might have fur- 
nished an entirely satisfactory supply of 
35-foot poles at some later date. 

The current requirements for 35- and 
40-foot southern-pine poles are relatively 
much in excess of the occurrence of stand- 
ing trees. The rapid expansion of the 
pulp and paper industry in the southern 
states and the heavy emergency demand 
for southern-pine lumber and piles have 
probably changed the relative propor- 
tions of the various sizes of standing trees 
since the survey. If the demand for 
creosoted-southern-pine poles 35 feet and 


686 TRANSACTIONS 


NORTHERN 
R 


longer were to continue at the present 
rate, a situation would soon develop in 
which these poles would be at a premium, 
and rigid straightness requirements would 
have to be relaxed in order to facilitate 
production. It would seem to be the 
better part of wisdom to use as many 
sizes as possible and to broaden the use 
of species to include western-cedar and 
Douglas-fir poles whenever it is practi- 
cable to do so. 


Pole Manufacture and Standard 
Framing 


Since the establishment of standard 
dimensions for the different species, there 
has been a definite trend toward greater 
mechanization in pole production. The 
most evident result of this trend is the 
pole-shaving machine for removing inner 
bark and smoothing the pole surface. 
Under Bell system specifications south- 
ern-pine poles are now trimmed by ap- 
proved machine, and the trimming is 
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limited so that the average size of the 
poles shall not fall below certain minimum 
circumferences at six feet from the butt, 
at mid-point, and at the top. The shav- 
ing machines are finding their way into 
the cedar industry, and western cedar is 
shaved to facilitate preservative treat- 
ment or to reduce the sapwood thickness 
so that it will not hold enough moisture 
to support decay. Machine trimming has 
improved the appearance of the southern- 
pine pole by removing the natural bumps 
at the knots, and by reducing the exuda- 
tion of creosote, or “bleeding,” from the 
pole surface. It also accelerates drying 
and facilitates production-line operation. 

Generally speaking, the majority of 
the southern-pine poles manufactured for 
Bell system use are manufactured and 
framed toa standard pattern. At present 
the roof is cut square with the pole axis, 
and instead of the individual mortises for 
the crossarms, a slab gain is provided by 
machining a flat surface on the appropri- 
ate side of the upper part of the pole. 
The slab-gained pole is an economical — 
all-purpose pole that takes the place of 
the mortise-gained pole, cable pole, guy 
stub, and push brace. There are, of 
course, cases in which special framing 
may be necessary or desirable; but 
special framing is a kind of custom job, 
and unless production orders are placed 
well in advance, it generally happens that 
specially framed poles must be produced 
on order. 

The acceptance of standard framing has 
met with less resistance in southern pine 
than in western cedar. It is only within 
the last few years that the concept of a 
standard finished western-cedar pole has » 
begun to take form. In the case of south- 
ern pine the principle of complete manu- 
facture before treatment was established 
as a practically universal procedure before 
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Figure 2. Current dis- 
tribution of pole timbers 
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ot Toe ae 
he creosoted-pine pole began to be ac- 


cepted as a regular piece of line equip- 

ment, and the development of standard 

framing followed more or less naturally. 

_ In all cases gaining and boring the bolt 
holes is permitted after treatment in 

southern pine if the sapwood is 100 per 
cent penetrated. 


Pole Preservation 


_ The main purpose of pole preservation 
is to protect the nondurable sapwood 
from decay. The principles are relatively 
simple. A toxic substance is put into 
_ the wood in sufficient quantity to make 
the wood unpalatable to the wood-de- 
stroying fungi that cause decay. The ad- 
dition of the toxic substance must be ac- 
complished without material damage to 
_ the wood itself. 
_ The preservative most in favor is coal 
_ tar creosote. The wood is impregnated 
by soaking the pole butts in open tanks or 
by applying pressure to the whole pole 
_ in closed cylinders. The butt-treating 
_ method has been applied with greatest 
success to the naturally durable thin sap- 
wood species like chestnut and cedar, the 
aim being to put a protective layer of 
sapwood saturated with creosote around 
the naturally durable heart. In the case 
of cedar it is necessary to puncture the 
sapwood to secure satisfactory penetra- 
tion. The open-tank method has also 
been used for the treatment of the thicker 
sapwood of lodge-pole pine, and it is now 
being employed as a supplementary proc- 
ess to the butts of poles that have been 
given a full-length treatment with a pre- 
servative salt. 

Current treating specifications for full- 
length pressure treatment place the em- 
phasis upon the product. Penetration is 
relatively more important than quantity 
of preservative retained. The Bell sys- 
tem, after some years of observation and 
experimentation, now specifies that the 
treatment of southern pine shall be by an 
empty-cell process, that the penetration 
shall be at least 21/2 inches unless 85 per 
cent of the sapwood is penetrated, and 
that the net retention shall average eight 
pounds of creosote per cubic foot of wood. 
Detailed discussion of the development of 
these requirements may be found in the 
Proceedings of the American Wood-Pre- 
servers’ Association. The double require- 
ment, based on both depth and per cent 
of sapwood penetrated, is necessary, be- 
cause the sapwood thickness varies in 
poles of different lengths and circumfer- 
ences. 

A relatively low-residue creosote has 
been specified, defined by limiting the 
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Figure 3. Relative use by the Bell system of 30-, 35-, and 40-foot poles, three-year moving 
averages 


residue that remains after distillation has 
been carried to 355 degrees centigrade. 
Much of this low-residue creosote has 
been imported. At present such importa- 
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tion has practically ceased, and some ad- 
justments are in order. The purpose of 
the low-residue creosote requirement was 
to make the product as acceptable as pos- 
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Figure 4. Creosoted-southern-pine poles and 
piles produced in the United States since 1910 


sible to all parts of the Bell system and for 
all types of lines, whether urban or rural. 
At the time the requirement was written 
into the specification, the heavier residue 
creosotes available had a tendency to 
bleed badly, that is, to ooze from the poles 
after the poles were set in line, often for 
months or years. A black sticky pole is a 
dirty pole, and it makes trouble for the 
construction crews and the public alike. 
In adapting the creosoted-pine pole to 
urban use it has been found expedient to 
reduce the standard retention of creosote 
from 12 pounds per cubic foot to 8 pounds 
per cubic foot, to specify low-residue creo- 
sote and, in some cases, to require steam 
baths after treatment to clean the poles. 

Full-length pressure treatment with 
creosote is also being applied to red pine, 
lodge-pole pine, western cedar and 
Douglas fir. In the case of Douglas fir 
the treatment usually takes several times 
as long as treatment of southern pine; 
and although the sapwood of Douglas fir is 
thinner, it is sometimes hard to treat as 
high a proportion of the sapwood as in 
southern pine. 

In expanding the use of red pine, 
lodge-pole pine, and Douglas fir, it was 
necessary to focus attention on adequate 
penetration and to reduce the retention 
as far as practicable to prevent bleeding. 
In making compromises of this type one 
is forced to sidestep the main argument 
that has been so often advanced, that 
the reduction of retention from 12 
pounds to 8 pounds in southern pine, for 
example, might mean inadequate service 
in line. The compromises appear to be 
working out fairly well, and, as a matter 
of fact, the actual concentration in the 
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thinner sapwoods of Douglas fir and 
lodge-pole pine are at about the same 
level as the concentration in the sapwood 
of southern pine. 


Penetration, Nonconformity, and 
Risk of Early Failure 


Only in the case of southern pine has 
the evidence on the practicability of the 
penetration and retention requirements 
been fairly well established. The latest 
available information on southern-pine 
treatment by an eight-pound empty cell 
process is illustrated by Figure 6, which 
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Figure 5. Forest supply and use in and out- 
side the Bell system of 35-, 40-, and 45-foot 
southern-pine poles 


shows the smooth distribution of 17,556 
poles, nonconforming for penetration, 
representing approximately 3.5 per cent 
out of a total sample of 525,000 produced 
in 1941. The distribution has been di- 


5 | 


vided into nonconformity zones, num- — 


bered 1 to 5. The interpretation of the 
distribution is illustrated in Table I. 
From studies of the behavior of creosoted- 
southern-pine poles in line®*, certain fail- 
ure factors have been determined which 
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Figure 6. Distribution of southern-pine poles 
nonconforming for creosote penetration, 1941 
production, arranged in nonconformity zones 
according to risk of early failure in line 


are applicable to the percentage of poles 
in the respective nonconformity zones. 
These failure factors may be defined as 
the percentage of the poles within these 
zones which may be expected to fail 
within 15 years of installation. Recent 
experience indicates that these failure 
factors are probably high. It appears 
likely that the total risk of early failure 
in a group of poles like those under con- 
sideration is less than the estimated 0.128 
per cent. The method of interpretation 
illustrated was first advanced several 
years ago, and up to the present no reason 
has been brought forward for changing 
it. Broadly, it means that poles which 
meet the penetration requirements of 
current standard specifications should 
have an entirely adequate service life. 


Green Salt Treatment 


A new preservative for this country, 
called green salt, a mixture of five parts 
potassium dichromate, three parts copper 
sulphate, and one part arsenic acid, in a 
cold water solution, has been used re- 
cently for the commercial treatment of 
seasoned southern-pine poles. The treat- 
ing solution contains about seven per 
cent of the salts. The penetration has 
averaged about 98.5 per cent of the depth 
of the sapwood, which is better than the 
average generally obtained in creosote 
treatments; and the number of noncon- 
forming poles was approximately three 
per cent. The distribution of noncon- 
formity appears to be of the same order 
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as that shown in Figure 6, with fewer 
poles in zones 1 and 2. The finished 
product is cleaner, lighter in weight, and 
stiffer than the creosoted pole, and the 
outer fibers are somewhat harder, mak- 
ing the green salt poles somewhat more 
dificult to climb than the creosoted 
pole. Generally speaking, the reaction 
of the field forces to the new poles has 
been excellent. 


Immersion Treatments—Creosote, 
Petroleum, and Pentachlorphenol 


The virtual shutting off of creosote im- 
portation by the war has stimulated the 
use of other types of preservatives such 
as mixtures of creosote and petroleum, 
with or without the addition of some other 
material such as pentachlorphenol; or 
the use of a five per cent solution of penta- 
chlorphenol in petroleum alone.® The 
latter solution is being used for the full- 
length treatment of western cedar by an 
open-tank immersion process as well as 
for pressure treatment of southern pine. 

Machine-shaved western cedar poles 
are being creosoted by immersion in hot 
creosote, followed by the usual butt treat- 
ment. The end in view in these western 
cedar treatments is to produce poles in 
which the hazard to linemen from sap- 
wood decay will be eliminated. 


Salt-Creosote Poles 


During the last 15 years approximately 
800,000 southern-pine poles treated with 
zinc meta arsenite have been placed in 
line. The majority of them have been 
purchased and set by power and light 
utilities. The deterioration that has oc- 
curred in these poles has happened at or 
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point has taken place slowly. 


below the ground line and, in most cases, 
the reduction in circumference at that 
Above 
ground line the condition of the poles is 
excellent. To prevent the deterioration 
at the ground line, poles that are treated 
full length with zine meta arsenite are 
now being given a butt treatment with — 
creosote. Specifications for this double 
treatment call for a penetration in the 
above ground part of the pole of 2'/, 
inches unless 85 per cent of the sapwood is 
penetrated, as in the case of creosoted 
southern pine. Below ground a full sap- 
wood penetration of creosote is not re- 
quired. The aim of the specification is to 
provide for adequate protection of the 
butt without the use of too much creosote. 
This salt-creosote pole is being dis- 
tributed in the northeastern states on the 
bases of strength and life expectancy 
equivalent to creosoted southern pine. 
Other salts than zinc meta arsenite, such 
as those covered by the current Federal 
specifications for use in treatment of 
timber not in contact with the ground, 
are under consideration, It is interesting 
to note in this connection that double 
treatment using zinc chloride followed by 
a creosote butt treatment was in use in 
Texas prior to 1910. Some of the poles of 
this vintage have given at least 34 years’ 
service in line and are still good. 


Conditioning Poles for Treatment 


This brief discussion of preservation 
cannot be dropped without some mention 
of the problem of preparing poles for 
treatment. In theory at least, it would be 
desirable to dry poles of all species be- 
fore treating them. Practically speaking, 
it is almost impossible, except at certain 
seasons of the year, to air-season southern- 
pine poles for either creosote or salt 
treatments without great risk of the poles 
becoming infected with molds and 
strength-reducing fungi during the proc- 
ess. The larger the pole, the harder it is 
to dry it. Charges of either green or dry 
poles may be treated satisfactorily with 


Table |. Southern-Pine Poles—1941 Pro- 
duction—Estimate of Risk of Early Failure in 
Line 
Non- Risk of 
con- Early 
form- Per Cent Failure 
ity Number of Total Failure Per Cent of 
zone of Poles Poles Factor Total Poles 
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due care in the control of the treating 
process. Partially seasoned poles, either 
alone or in mixture with seasoned or green 
poles, may make the treating results very 
variable. The Bell system specification 
requires steam conditioning for at least six 
hours at 259 degrees Fahrenheit before 
impregnation with creosote, in order to 
smooth out some of the variables and to 
sterilize the wood. | 

To prevent deterioration during season- 
ing, some producers follow the practice 
of pretreating all pole stocks as soon as 
they have dried down to the point where 
such treatment can be given economically 
with approximately four pounds of creo- 
sote per cubic foot. The poles are then 
stacked in the yard and held for orders. 
The additional poundage required to 
meet the minimum retention specified is 
added by a second treatment. In other 
cases the poles are treated under pressure 
with weak solutions of preservative salts. 

The kiln-drying of southern-pine poles® 
has been carried far enough experimen- 
tally during the last few years to show 
that it is a distinctly promising method of 
preparing the poles for treatment. Ironi- 
cally enough, it begins to look as if the 


creosoted kiln-dried poles would have to: 


be steamed for a short period at the end of 
the creosoting process in order to clean 
them and prevent subsequent bleeding 
of the creosote from the pole surface. 

In the case of certain of the salt preserva- 
tives organic matter in the green or par- 
tially seasoned pole causes a very rapid 


45 


chemical reduction of the preservative 
solution if either the wood or the solution 
is heated; and this reduction does not oc- 
cur to the same degree if the wood is 
dried before treatment, and the solution 
is applied cold. In any event a dry pole 
treats quickly, and the plant is able to 
save cylinder hours, and a pole that has 
once been dried and then given either a 
creosote or a salt treatment dries out sub- 
sequently more rapidly than a pole that 
was not seasoned before treatment. 


Electric Resistance 


It is extremely important to bear in . 


mind the practical difficulties involved in 
seasoning and treating timber before en- 
tering on a discussion of the conductivity 
of the treated wood. Measurements made 
by improved methods’ confirm the gen- 
erally accepted conclusion that the elec- 
tric resistance varies inversely as the mois- 
ture content. There is a temperature 
factor, but it can be more or less ignored 
if the measurements are made within 
certain temperature limits. It is not so 
easy to control moisture content. The 
moisture may come from two sources, 
that is, it may be the moisture that is 
left in the sap that was in the tree when 
it was felled, and it may be moisture ab- 
sorbed from rain or melting snow as the 
pole is lying in a concentration yard or 
standing in line. 

The sapwood of a green pole may con- 
tain more water than its own dry weight. 
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At a moisture content equal to 27-30 per 


cent of its dry weight, wood is said to be — 


at the fiber saturation point, that is, at a 
point where there is no free water in the 
wood cells. If the moisture content is 
above this fiber saturation point, the elec- 
tric resistance of the wood is low. Below 
the fiber saturation point electric resist- 
ance increases sharply as the moisture 
content decreases. 

Suppose that, either as the result of 
well-considered seasoning practice on the 


part of the producer, or on the insistence 


on the part of a possible customer, a 
group of relatively high-resistance poles 
has been produced and shipped. It would 
be quite wrong to assume that these poles 
would all have high resistance at the time 
they were placed in line and equipped for 
service. 
get into the open seasoning checks and be 
absorbed by the inner sapwood and un- 
treated heartwood of the pole. Or the 
poles may be exposed to rain and snow for 
months before they are erected. In fact, 
any method of open flat storage previous 
to line use is almost certain to bring about 
a great variation in the resistance of poles 
that may have started out on a relatively 
high resistance level. Even the best of 
storage conditions, under cover or in 
vertical piles, is no guarantee of high re- 
sistance of the pole inline. Driving rains, 
sleet, or snow storms may wet the wind- 
ward side of the pole and bring it to prac- 
tical saturation during the course of a 
storm. The character of the preservative 
itself simply adds another variable to 
these general conditions over which very 
little control can be exercised. 

Aside from drying a pole properly be- 
fore treatment so that it will dry out more 
quickly after treatment, there is little 
that can be done in writing specifications, 
or in actually producing poles, that will 
make it possible to turn out high resist- 
ance units; and after the poles have once 
been produced, each stick becomes an in- 
dependent variable in its resistance char- 
acteristics. In practical operation, there- 
fore, no pole can have a high resistance all 
the time. 


. 


Pole Strength 


In writing the American Standard 
Specifications for Wood Poles, all of the 
species were dimensioned so that they 
would have approximately equal re- 
sisting moments at the ground-line for 
any given class and length. These 
strength requirements have been trans- 
lated into what may be called standard 
breaking loads starting at 1,200 pounds 


i 


for class 7 and running to 4,500 pounds 
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During shipment moisture may . 


ane, 
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ras taken as 100 in each case. 


* The standard breaking loads were taken as 100 in each case. These standard loads are: 
unds; class 5—1,900 pounds; class 6—1,500 pounds, and class 7—1,200 pounds. 


+ No standard breaking load for class 9 has been established. 
ing loads for the poles and for the pole-top sections were 1,317 pounds and 1,840 pounds, respectively. 


. Southern-Pine Poles—Breaking Test Data 


Whole Pole Relative 


Top Section Relative 


Average Average 
Modulus Modulus 
Breaking of Breaking of 
Load* Rupture** Load* Rupture** 
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class 4—2,400 


* The standard ultimate fiber stress for creosoted-southern-pine poles—7,400 pounds per square inch— 


For the three poles listed the average break- 


§ The averages for the whole poles were taken as 100 for comparison with the top sections. 


| 
' 


for class 1, approximately on a 25 per cent 
geometric progression. 

Three years ago R. C. Eggleston of the 
Bell Telephone Laboratories began a 
series of breaking tests on machine-shaved 
southern pine treated with creosote, and 
with green salt. A novel scheme was in- 
troduced. The top sections of the poles 
as well as the poles as a whole, have been 
tested whenever possible. The results of 
part of these tests, on 92 poles and pole- 
top sections, are summarized in Table IT. 
The poles averaged well above their rated 
class breaking loads, above the American 
Standard fiber stress—7,400 pounds per 
square inch—and within the expected 
variation for modulus of rupture. The 
modulus of rupture of the pole-top sec- 
tions averaged 90 per cent of the modulus 
of rupture of the poles as a whole. The 
op sections of the poles were broken with 
short lever arms and, in spite of lower 
nodulus of rupture, were on the average 
till sufficiently strong to meet their spect- 
ied pole-class breaking load. 

The position of the maximum knot and 
he maximum-knot group in relation to 
he point of break for the poles as a whole 
nd for the pole-top sections are shown in 
‘igure 7. Each line in the figure repre- 
ents one of the groups defined by col- 
mns 1, 2, and 3 in Table II, and within 
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given class length groups the creosoted- 
pole and the green-salt-pole diagrams are 
placed side by side to facilitate compari- 
son. The independence of maximum 
knot position and break position is obvi- 
ous. Only the pole-top sections, which 
had to be clamped in the holding device 
to represent the point of guying, broke 
at conspicuous knot groups. In some in- 
stances the very first point of break 
seemed to be at small knots an inch or 
less in diameter or even in hidden knots 
which did not appear on the surface of the 
poles at all. Occasionally poles will 
break during unloading. Apparently, 
such breakage is the result of impact 
shock far in excess of what the poles 
could stand. Generally, this impact 
shock comes from dropping the pole or 
from catching it between others as it is 
rolled off the car or trailer. The breaking 
in such cases at knot groups is coinciden- 
tal with the shock and point of applica- 
tion and does not indicate dangerous 
weakness in the pole itself. 


Ground-Line Treatment 


One other subject remains for brief 
mention, namely the prolongation of the 
life of the existing pole plant. The evi- 
dence from test plot experiments and ob- 
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servation of poles in service indicates 
that some sort of ground-line treatment 
should be applied to untreated poles that 
are worth saving at the time of inspec- 
tion, as a part of the regular inspection 
procedure. When one looks back over 
the years, it appears that the mistake, if 
any, that was made in earlier ground- 
line treatments was not in the treatment 
itself, but rather in the assumption that 
a single application would be effective 
for the life of the pole. The methods now 
recommended are the Osmose process or 
the simplified procedure that consists of 
the regular inspection and excavation, 
and treatment with a water-soluble salt 
and creosote. Originally a pound of 
sodium fluoride was dumped into the ex- 
cavation around the pole, and the hole 
lightly backfilled. Then, after making a 
narrow V-shape trench against the pole, 
about one gallon of cold creosote was 
poured into the hole by letting it run 
against the pole, at a height of about 12 
inches above the ground line, from the 
flattened spout of a watering can. The 
backfill was then finished, leaving the 
earth around the ground line fairly satu- 
rated with creosote and leaving a water- 
soluble salt to be taken up by the mois- 
ture in the wood. Sodium fluoride has 
been replaced in part by borax in the gen- 
eral plan as a result of the shortage of the 
former salt. The protection afforded by 
such a treatment seems to be good for 
about five years. 
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Interim Report on Guides for Overload- 


ing Transformers and Voltage Regulators 


AIEE COMMITTEE ON ELECTRICAL MACHINERY 


Transformer Subcommittee* 


HE present war emergency has crys- 

tallized the need for additional infor- 
mation concerning the maximum load 
capability of modern-design transformers 
and voltage regulators in order that these 
apparatus may be utilized to a greater 
extent for meeting present and new load 
requirements with a minimum amount of 
new equipment, thus conserving critical 
war materials. It will be noted that the 
papers!’ presented at the AIEE conven- 
tion June 24, 1942 give somewhat diver- 
gent views on permissible overloads and 
on the effect of temperature on trans- 
former insulation. 

The relation between the life expect- 
ancy of insulation as indicated by labora- 
tory tests and the actual life of a trans- 
former is largely theoretical, so that the 
use of such information must be tempered 
by sound judgment based on operating 
experience. This report represents a com- 
promise of views that is considered con- 
servative and satisfactory for immediate 
general use, subject to the limitations and 
cautions given herein. 

Consideration is given to operation 
with normal life expectancy and also with 
moderate sacrifice in life expectancy, thus 
taking into account the effect of the fol- 
lowing factors: 


(a). Characteristics and limitations of the 
apparatus involved. 


(6). Ambient temperature. 
(c). Load factor. 
{d). Supplemental cooling. 


(e). Sacrifice of life expectancy. 
Normal Life Expectancy 


In this report normal life expectancy is 
based on continuous operation at rated 
load with a daily average ambient tem- 
perature of 30 degrees centigrade for self- 


Paper 42-156, recommended by the AIEE com- 
mittee on electrical machinery for presentation at 
the AIEE summer convention, Chicago, IIl., June 
22-26, 1942 and at the AIEE Pacific Coast conven- 
tion, Vancouver, B. C., Canada, September 9-11, 
1942. Manuscript submitted June 29, 1942; made 
available for printing July 9, 1942. 


* Personnel of AIEE transformer subcommittee: 
M. S. Oldacre, chairman; F. S. Brown, E. S. 
Bundy, J. E. Clem, 1. W. Gross, V. M. Montsinger, 
J. R. North, W. C. Sealey, F. J. Vogel, C. F. Wag- 
ner. 


Acknowledgment is made of the assistance given 
by R. T. Henry, H. W. Hartzell, J. S. Lennox, and 
D. L. Levine. 
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cooled or forced-air-cooled transformers, 
25 degrees centigrade for water-cooled 
transformers, and other usual service 
conditions as given in American Standard 
C-57, Section 2.000. The “Guides for 
Operation of Transformers’’ included in 
American Standard C-57 give general rec- 
ommendations for the loading of oil-im- 
mersed transformers and voltage regula- 
tors for recurrent and emergency over- 
loads with small effect on normal life ex- 
pectancy, while this report will supply, 
in addition to other information, data for 
heavier overloads with moderate sacrifice 
of life expectancy. 


Loading for Normal Life Expectancy 


The maximum load capability is deter- 
mined to a considerable extent by the type 
and the electrical characteristics of the 
specific piece of apparatus. However, 
some general guides may be set up, based 
upon the more usual comparatively mod- 
ern design characteristics, and with pro- 
vision for taking into account the factors 
of temperature of the cooling medium, 
load factor, thermal ability of bushings 
and accessories, expansion of oil due to 
temperature increase, possible pressure in 
sealed transformers, method of cooling, 
and so forth. 


DESIGN CHARACTERISTICS 


The general information on transformer 
loading in this report applies to the com- 
paratively modern-design transformers 
built since about 1928. The information 
will not apply in the usual case to the 
older-design apparatus without considera- 


tion of the design characteristics of each 
piece of apparatus. 


AMBIENT TEMPERATURE 


For low ambient temperatures the 
continuous. kilovolt-ampere loading may 
be increased one per cent for each degree 
that the daily average temperature is 
below 30 degrees centigrade for self-cooled 
transformers, three fourths of one per 
cent for each degree below 30 degrees 
centigrade for forced-air-cooled trans- 
formers, and one per cent for each degree 
below 25 degrees centigrade for water- 
cooled transformers.‘ Similarly, the load- 
ing should be decreased two per cent for 
each degree that the daily average ambient 
is above these temperatures. For continu- 
ous loading these rules result in normal life 
expectancy, the same as for operation at 
rated load with ambient temperatures of 
30 degrees centigrade and 25 degrees 
centigrade respectively. Detailed appli- 
cations of these rules are given in the 
American Standard C-57, ‘Guides for 
Operation of Transformers.”’ 

Under some conditions greater per- 
missible overload capability can be ob- 
tained by using ‘‘equivalent annual am- 
bient” instead of the daily average am- 
bient when applying the rule for overloads 
due to change in ambient. The equiva- 
lent annual ambient is the temperature 
which, if maintained constantly, would 
result in the same aging as that occurring 
under the actual ambient temperature 
throughout the year. This matter is be- 
ing given further consideration. 


Loap FACTOR 


For daily load factors below 100 per 
cent the loading may be increased 0.3 per 
cent for each per cent that the daily load 
factor is below 100 per cent,® with normal 
life expectancy. More nearly accurate 
corrections based on an actual load curve 
are not usually justified for normal loading: 
In no case should the overload permitted 
by this factor exceed 15 per cent, corre- 
sponding to 50 per cent daily load factor. 
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AMBIENT TEMPERATURE 
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tele ‘ 
PRATURE RISE OF WINDINGS 


The information in this report is based 
on apparatus designed for the standard 
degrees centigrade rise. If a trans- 
former has been designed for other than 
95 degrees centigrade rise, a rating to give 
5 degrees centigrade rise can be calcu- 
ulated, and then the correction factors 
tated herein can be applied. 


SUPPLEMENTAL COOLING—EXISTING 
‘TRANSFORMERS 


The load that can be carried on existing 
transformers can be increased by adding 
uxiliary cooling equipment such as radia- 
or fans, external forced oil coolers, or 
water spray equipment. The amount of 
dditional loading that such devices per- 
mit varies widely depending on 


7, . ar . 
(a). Design characteristics of the trans- 


former. 

p>. Type of cooling equipment. 

(c). Permissible increase in voltage regu- 
lation. 


(d). 


Specific data should be obtained for each 
individual transformer. 

When applying supplemental cooling 
to existing transformers, the permissible 
overloads should be based on the hottest- 
spot temperature rise instead of on aver- 
age winding temperature rise. Usually 
the hottest-spot temperature rise over top 
oil temperature increases as the 1.6 power 
of the load. 

If it is found that the bushings, leads, 
or other accessories are not a limiting 
feature, oil-insulated self-cooled trans- 
formers by the addition of fans may have 
the output increased in many cases 25 
per cent and in some cases up to 33 per 
cent. Similarly, the addition of external 
forced oil cooling to oil-insulated self- 
cooled or oil-insulated water-cooled trans- 


Limitations ef associated equipment. 


Figure 2. Emergency load capability of self- 
cooled transformers larger than 500 kva 


See text for cautions and limitations 


Figure 3.  Emer- 
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formers may increase the output in many 
cases 25 per cent and in some cases up to 
possibly 66?/3 per cent. 

Water-spray equipment may be used 
in some cases as an emergency method of 
additional cooling. It is not generally 
considered satisfactory as a means of ob- 
taining continuous additional capacity or 
for year-round operation. The added 
capacity obtainable by the use of water 
spray on oil-insulated self-cooled trans- 
formers is dependent on the air and water 
temperature, humidity, design of bush- 
ings, leads, and other accessories of the 
transformer. The water spray equip- 
ment may increase the capacity in many 
cases 25 per cent and in some cases up to 
possibly 60 per cent. 


Emergency Loading With Moderate 
Sacrifice of Life Expectancy 


The foregoing discussions have dealt 
with loading of transformers on the basis 
of normal life expectancies. In this sec- 
tion loading with moderate sacrifice of life 
expectancy during infrequent emergencies 
to values above those given in the Ameri- 
can Standard C-57 ‘“‘Guides for Opera- 
tions of Transformers’”’ is discussed. 

On the basis of available data it is 
reasonable to consider that hottest-spot 
temperatures for durations shown in 
Table I represent an average sacrifice of 
life with each such emergency operation 
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of not more than one per cent of the 
normal life expectancy as determined by 
the tensile strength of the winding insula- 
tion. 


Table |. Temperatures for Short-Time Emer- 
gency Loads With Moderate Loss of Life of 
Insulation 


Hottest-Spot 
Temperature— 
Degrees Centigrade 


Duration of 
Load—Hours 
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With the above temperature limits and 
where specific data on the individual 
transformer are not available, the follow- 
ing loads are considered satisfactory for 
modern transformers and regulators with 
average ambient temperature during the 
overload period of 30 degrees centigrade 
for self-cooled and forced-air-cooled trans- 
formers and a water temperature of 25 
degrees centigrade for water-cooled trans- 
formers. These overload values apply to 
the normal continuous name-plate kilo- 
volt-ampere rating for output voltages 
equal to or above name-plate rating, and 


Figure 4. Emergency load capability of 
forced air-cooled transformers larger than 500 
kva 


See text for cautions and limitations 
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Table Il. Short-Time Emergency Overloads 
for Transformers Rated Above 500 Kva* 


(See text for cautions and limitations regarding 
ambients, rating, number of overloads, and so 
forth) 

(Times Rated Load) 


Eee 


Self-Cooled and Forced-Air- 
Water-Cooled Cooled 
Dura- oo —— 
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* Special consideration should be given to installa- 
tions involving exceptional heavy-current designs. 


** Values for operation ‘‘Following No Load”’ are 
on the basis that the transformer has been excited 
for at least several hours’ time prior to application 
of the load. The loads that can be carried follow- 
ing partial load can be determined with sufficient 
accuracy by direct interpolation. 


j It is considered that two times rated load is the 
maximum that should be carried, regardless of time, 
without special consideration. 


Table Ill. Short-Time Emergency Overloads 
for Transformers Rated 500 Kva and Below, * 
and for Regulators 


(See text for cautions and limitations regarding 
ambients, rating, number of overloads, and so 
forth) 

(Times Rated Load) 


Transformers 
500 Kva and Below Regulators 
Dura- — ee 
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* Special consideration should be given to installa- 
tions involving exceptional heavy-current designs. 


** Values for operation ‘‘Following No Load” are 
on the basis that the transformer has been excited 
for at least several hours’ time prior to application of 
the load. The loads that can be carried following 
partial load can be determined with sufficient ac- 
curacy by direct interpolation. 


ft It is considered that 1.5 times rated load is the 
maximum that should be carried, regardless of time, 
without special consideration. 


to normal continuous rated amperes for 
output voltages below name-plate rating. 
It is assumed that the emergencies will 
occur not more than once on any one day 
and not more than 25 or 30 times during 
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Figure 5. Emer- 
gency load capabil- 
ity of — self-cooled 
transformers (500 


kva or less) and of 
regulators 


See text for cautions 


and limitations 
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the normal life of the transformer, and 
that the insulation, windings and oil are 
reasonably clean and free from excessive 
amounts of moisture and sludge. 

Table II shows permissible loads for 
infrequent emergencies for modern sealed- 
type transformers rated above 500 kva 
which have the oil effectively protected 
from exposure to air and moisture. Table 
III shows permissible loads for infrequent 
emergencies for modern transformers 
rated 500 kva and below and for modern 
regulators. 


Conclusions 


Information has been presented herein 
concerning the effects of the character- 
istics of specific apparatus, ambient tem- 
perature, load factor, supplemental cool- 
ing, and so forth, in determining the load 
capability of transformers and voltage 
regulators for both normal and emergency 
conditions. 

The effects of these factors are cumula- 
tive, as follows: 


For normal operation with normal life ex- 
pectancy the effects of load factor, ambient 
temperature, and supplemental cooling may 
all be added in determining the load capa- 
bility. Figure 1 illustrates the application 
of factors for ambient temperature and low 
load factor in determining the normal capa- 
bility for transformers and regulators. 


For short-time emergency operation with 
moderate sacrifice of life the effect of the 
actual ambient temperature during the 
emergency and of supplemental cooling 
should be considered in addition to the 
values given in Tables II and III. Figures 
2 to 5 inclusive illustrate the application of 
these values to determine emergency load 
capabilities. 
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The principles and facilities described 
in this report may be applied to existing 
or proposed new equipment and should be 
effective in conserving critical war ma- 
terials, 

- Caution: It must be recognized that 
overloads should not be applied to trans- 
formers or regulators without a thorough 
study of the various limitations involved. 
Among these limitations are oil expansion, 
pressure in sealed-type units, bushings, 
leads, soldered connections, tap-changers, 
and so forth, and the thermal capability of 
associated equipment, such as cables, 
reactors, circuit breakers, disconnecting 
switches, current transformers, and so 
forth. These may constitute the prac- 
tical limit in load-carrying ability. 

Before overloading transformers or 
regulators to the full extent covered in 
this report, it is recommended that the 
overload capabilities of the equipment 
be checked with the manufacturer. 
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seneral Field of Application 


HE recent trend toward better use of 
-— existing lines and power sources has 
brought a demand for faster operation of 
oil circuit breakers and further simpli- 
fication of control. In the past it has been 
common practice to use a solenoid or 
motor to provide closing energy for these 
breakers, either of which requires a sub- 
stantial battery, means for keeping it up 
. to full charge at all times, large conduc- 
tors between the battery and the breaker 
to handle the heavy currents which exist 
for approximately one second while the 
breaker is closing, and generously propor- 
tioned control equipment. Consequently, 
the cost of apparatus associated with the 
breaker, but actually installed apart from 
the breaker, becomes a significant item. 
Compressed air can be used as a source 
of energy to close these breakers, and with 
several obvious advantages. In the first 
place, the electrical drain on a battery at 
the instant of closing is only the control 
relay current, not the full solenoid closing 
coil current. .This may be a reduction of 
the order of 1 to 100 which is reflected in 
smaller batteries and chargers, lighter 
control cables, and contactors. Another 
advantage is that full air pressure is in- 
stantly available to start closing the 
‘breaker, whereas a solenoid builds up in 
power at a slower rate, depending on the 
inductance of the coil. Thus it is possible 
to secure faster breaker operations. 
In a fundamental way the apparatus 
required for closing a breaker with com- 
pressed air consists of: 


(a). A source of air comprising a com- 
pressor and reservoir. 

(b). Acylinder and piston within which the 
air can be released to force the breaker to 
the closed position. 

(c). Suitable means for controlling the 
flow of air by means of magnetically 
operated valves operated from a distant 
point. 
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Obviously, it is not practical to build the 
commercial apparatus in quite such sim- 
ple form, and various requirements of op- 
eration have made it desirable to add re- 
finements as the following will disclose. 


The Air Supply 


It is desirable that an air reservoir be 
located close to each operating cylinder, 
as air flowing a long distance through 
small pipes will lose pressure to such a 
degree that the delivered air may not be 
able to accomplish the work of closing the 
the breaker in the required time. Hence, 
a 20- or 30-gallon reservoir is installed in 
the same housing with the operating 
mechanism and control and mounted on 
the end of the breaker. 

For reliable service it has been recom- 
mended that a motor-driven compressor 
be mounted in each housing, thus making 
each breaker entirely independent of any 
other. It could be argued that this is an 
unnecessary expense where several break- 
ers are installed in close proximity to each 
other, and where one compressor could 
perhaps handle the several reservoirs. 
However, it appears that most operating 
men look at the possible dollar saving as 
overbalanced by the hazard of shutting 
down the entire group of breakers, in 
case of the failure of the one compressor, 
and the possible difficulty of maintaining 
interconnecting air piping clear and tight. 

If it is preferred to use a single com- 
pressor unit for an entire station, it is 
recommended that a double compressor 
be used so as to provide increased reliabil- 
ity. Also, proper consideration must be 
given to protection against mechanical 
damage to piping and to the drainage of 
any water which might condense in the air 
line. If freezing temperatures will be en- 
countered in the locality of installation, 
adequate sizes of pipe and sumps must be 
provided to prevent blocking with ice. 

The assembly of compressor and reser- 
voir is built to exceed the standards re- 
quired for industrial systems and railway 
brake installations, in which continuity of 
performance has been an important fac- 
tor worked out years ago. It is designed 
to meet all usual safety code inspection 
requirements, and the reservoir carries 
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the stamp of the boiler code inspector of 
The American Society of Mechanical Engi- 
neers. An automatic governor maintains 
a maximum pressure of 200 pounds per 
square inch, starting the compressor 
whenever the pressure drops to 15 pounds 
below the preset maximum. A safety 
valve limits the reservoir pressure to 225 
pounds. Ordinarily only one-half or 
three-fourth horsepower is required in 
the compressor motor so that little cur- 
rent is drawn from the a-c supply line. In 
ordinary service the motor will run only 
a few minutes each day, as required for 
the occasional breaker operation and in 
order to overcome slight leakage loss. 
Starting with an empty reservoir, a full 
charge can be pumped in one-half hour. 
The motor need not run each time the 
breaker operates, as the amount of air 
used is frequently so small as not to drop 
the reservoir pressure to the point where 
the automatic governor picks up. In 
case of the failure of the supply voltage 
to the compressor motor, a full reservoir 
contains enough air to operate the breaker 
at least five times. Further, if there 
should be no immediate demand for an 
operation, it would require more than 12 
hours for a normally tight air system to 
leak down to a dangerously low pressure, 
giving a wide margin of time to re-estab- 
lish compressor power or service. A low- 
pressure switch indicates through an 
alarm circuit when the drop in reservoir 
pressure is becoming acute, and another 
switch locks out the closing relay circuit 
so as to prevent the attempt to close, 
when the air pressure is too low to insure 
completion of the operation. 


The Lever System 


Figure 1 shows a typical mechanism 
assembly mounted on the tank of a 138- 
ky outdoor oil circuit breaker. The com- 
pressor and reservoir occupy the space at 
the right of the assembly. At the left 
and center is the operating mechanism it- 
self, with a magnetically operated inlet 
valve conveniently located directly in 
front of the main cylinder. The current 
demand of this magnet valve is well 
under two amperes. 

One requirement for a mechanism of 
this type is that it shall be capable of re- 
closing the breaker promptly, under some 
conditions in not over 20 cycles (one- 
third second). This mechanism meets 
the demand by retaining a positive me- 
chanical connection between the breaker 
and the operating piston at all times, so 
that at any time it may be desired air ad- 
mitted to the cylinder will immediately 
act to close the breaker, regardless of 
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whether it may have reached the full 
open position or not. A single lever, 
hinged at one end, and carrying a roller at 
the other end to be held under the hook 
shaped latch when the breaker is closed, 
is attached to both the piston and the 
breaker pull rod at the center. 

The breaker is closed under the effect 
of the compressed air and latched in the 
closed position, so that the air can be cut 
off at the end of this stroke. When the 
breaker is called upon to open, the latch is 
released by a trip magnet, and the usual 
accelerating spring on the breaker fur- 
nishes the impetus needed to secure the 
proper contact opening speed. The open- 
ing is therefore independent of the condi- 
tion of the air supply, and required inter- 
rupting time of the breaker is controlled 
entirely by the mechanical time of un- 
latching the mechanism and accelerating 
the contacts by springs which were pre- 
loaded during the closing stroke of the 
breaker. y 

It is evident that when a direct me- 
chanical connection exists between the 
breaker and the piston, closing and re- 
closing operations are easily obtained. 
Experience with solenoids has shown that 
it is necessary to provide them with me- 
chanically trip-free linkages so as to permit 


Type CAS-8 mechanism for out- 
door service 


Figure 1. 
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full opening speed without the contacts 
being delayed by the magnetic drag of the 
closing solenoid. The mass of the solenoid 
core also acts as a drag to prevent full 
opening speed. These difficulties are not 
present in the air mechanism when a light 
piston is used, and when some means is 
provided for dumping from the operating 
cylinder, the air still under pressure, so that 
it will not restrict the opening speed of 
the contacts.! The latter demand is met 
by a series of exhaust ports—on the side 
wall of the main cylinder, near the fully 
closed position—which are opened simul- 
taneously with the operation of the 
breaker trip coil. The total area of these 
ports is approximately four square inches, 
and oscillographic pressure records show 
that the collapse of pressure is so fast that 
less than 25 pounds remains in the cylin- 
der at the time the contacts part. The 
extreme speed of this dump valve is se- 
cured by utilizing the high-pressure air 
on the end of the cylindrical valve, after 
it has once been cracked by a pilot piston 
or small magnet. 

While the single-lever design ade- 
quately meets the requirements of quick 
reclosing, some modification is necessary 
where manual operation of the smaller 
breakers is concerned. In this class of ap- 
paratus, one man can complete the closing 
operation with a single quick stroke of 
the removable handle, but must be pro- 


tected against holding the breaker in 
on a fault, as would be the case with the 
non-trip free mechanism. A solution to 
this problem is shown in Figure 2, where 
the single-lever system for power opera- 
tion is modified when it is to be manually 
operated, by unlocking the fixed hinge 
point and temporarily restraining the 
automatic latch over its roller, so that, if 
necessary, the breaker can be tripped in 
the manner of the conventional double- 
lever system. Thus, the benefits of trip- 
free action can be secured, while in the 
same parts the inherently fast reclosing 
possibilities of the non-trip free action are 
retained. 


Controlling the Air Flow 


There is a characteristic mechanical 
load curve for all breakers having the gen- 
eral shape of that marked “Breaker 
Load” in Figure 3. It is made up of the 
dead load, balance and _ accelerating 
springs, and the extra load of contact pres- 
sure springs at the closed position. The 
breaker toggles may alter the magnitude 
of these combined loads at different parts 
of the stroke, but the fundamental char- 
acteristic remains. The simple solenoid 
pull curve is well adapted to this, since 
it develops a greater pull as the cores 
come together (see curve marked “‘Sole- 
noid Mechanism” also in Figure 3). The 
surplus of power shown for the solenoid 


Figure 2. An outdoor-type compressed-air 
mechanism with trip-free hand-closing lever 
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the pull curve of the solenoid usually falls 
just above the load curve of the breaker, 
so that there are no large instantaneous 
surpluses or deficiencies. With the same 
preaker and a simple air-operated mecha- 


AIR MECHANISM CONTROLLED 


AIR MECHANISM ELEMENTARY 


POUNDS 


BREAKER LOAD -STATIC 


(OPEN) OPERATING MECHANISM TRAVEL (CLOSED) 


Figure 3. Typical curve of a breaker load and 
mechanism pull 


nism, ““Elementary,’’ the pull character- 
istic would be largely flat, drooping 
slightly toward the closed position, as the 
air was expanded into the operating cyl- 
inder or dropped in pressure, because of 
resistance to flow in the connecting pas- 
sages between the,reservoir and the cylin- 
der. Rather than change the breaker 
levers to co-ordinate the simple air-mecha- 
nism pull and the conventional breaker 
load, a scheme has been worked out to 
throttle or control the flow of air, and the 
air-mechanism pull curve takes the gen- 
eral shape of that shown in Figure 3, “Air 
Mechanism—Controlled.” 

The principle of the throttle is that 
when the load is light the air passage is 
kept small. When the load is about to 
rise, the throttle is opened by a mechani- 
cal linkage, and with the augmented air 
supply, the stroke is completed with just 
the right amount of pull to insure positive 
latching and yet not with excessive slam. 
Since the throttle is adjustable both as 
to amount of opening and to position at 
which it becomes effective, it makes pos- 
sible the use of one size of mechanism 
on several types and ratings of breaker. 

The throttle is operated through a 
slotted link, since it is found that full air 
pressure is required over a greater part of 
the stroke when fast reclosure is at- 
tempted, as compared to that required to 
complete a simple closing and latching. 
Under this condition of fast reclosure 
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greater power must be available, first to 
arrest the opening motion, and then to 
bring the contacts back to the closed posi- 
tion. The use of a throttled air system of 
course means the choice of an air pressure 
and piston area such that the required 
maximum pull will be secured, but this 
does not mean that it takes more air 
than an unthrottled system—rather, 
that through control, the power availa- 
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(a). Reclosing in less than 20 cycles 
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(b). A close—open operation 


Figure 4. Oscillograms of breaker timing 


ble is released as demanded by the load, 
with proper provision made for those op- 
erations particularly requiring high speed. 


Result of Tests 


A timing test setup was made on a typi- 
cal 138-kv oil circuit breaker equipped 
with an eight-inch compressed-air mecha- 
nism of the type described above. Os- 
cillographic records, shown in Figures 4a 
and 4b show the variation in cylinder 
pressure, the motion, or travel, of the 
movable contacts, the motion of the ex- 
haust valve, a battery indication of con- 
tact engagement, and the trip-coil and 
magnet-valve-coil currents. For the sake 
of clarity the essential data have been 
traced from these oscillograms and are 
shown in Figures 5a and db. 

Figure 5a shows an OC operation for 
which the time from energizing the trip 
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coil to retouching the contact was 19.3 
cycles. It will be noted that the magnet 
valve was energized 41/. cycles after the 
trip coil, and that the contacts had trav- 
eled approximately 36 per cent of the en- 
tire stroke at.the instant the air valve was 
opened, The contacts continue opening 
with reducing speed until there is a cush- 
ioned reversal of motion at 57 per cent of 
the full stroke. The cylinder pressure falls 
as the contacts travel toward the closed 
position, due to expansion and throttling. 
The result is a quick reclosure without 
excessive strain on the mechanism or pole 
unit parts, and without excessive slam 
as the breaker reaches the closed position. 

Figure 5b illustrates a CO operation 
using the same breaker and mechanism. 
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(b). A close—open operation 


Figure 5. Clarified speed and pressure records 
from Figure 4 


This test was set up for pretripping, as 
soon as the auxiliary switch contacts in 
the trip circuit were made up. Even 
under this condition the “‘air-trip-free” 
action of the mechanism is demonstrated 
by the fact that there is no back pressure 
on the operating piston after the first few 
cycles of travel. A comparison of the 
opening portion of Figures 5a and 5b 
shows that at the end of eight cycles after 
energizing the trip coil, the contact sepa- 
rations exceed that required to interrupt 
normal short-circuit currents. 

Field service throughout a full range of 
seasonal changes in weather verifies the 
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Current Transformer Subcommittee * 


Synopsis: This report has been written to 
summarize the work of the AIEE current 
transformer subcommittee and to discuss 
the considerations which led to the adoption 
of the material in the revision of section 4, 
“Instrument Transformers,” of the Proposed 
American Standard for Transformers, C-57. 
Special attention is given to the principles 
underlying the establishment of the over- 
current requirements of current transformers 
for relaying service and the revision of the 
method of specifying the accuracy of instru- 
ment transformers for metering service. 
Mention is also made of the reasons for 
making other changes, such as in the pre- 
ferred primary current ratings, potential- 
transformer ratios, and so forth. 


URING the past two years the cur- 
rent transformer subcommittee of 

the relay subcommittee revised the sec- 
tion on instrument transformers of the 
American Standard, C-57. When this 
group was appointed, its assignment was 
to formulate specifications for current- 
transformer performance in the overcur- 
rent range for relay application. During 
the progress of the work, however, the ac- 
tivities of the group were enlarged until 
they covered the complete revision of sec- 
tion 4 of the Proposed Standard for Trans- 
formers. This was the result of a desire 
to correlate the new material with the old 
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material and to save time and duplication 
of effort by having the work done by one 
group. Contacts however were made 
with the other interested groups so that 
the work proceeded smoothly with the 
support and co-operation of these groups. 
This paper has been written to present 
the reasons why the material in section 4 
is there in its present form.* 


Primary Current Rating of Current 
Transformers (4.021) 


The original proposal in the printed 
draft of C-57 contains 29 values of pri- 
mary current ratings divided into four 
groups. It was generally felt that this 
represented an excessive number of rat- 
ings and that the number of primary cur- 
rent ratings could be drastically reduced 
and still adequately cover the field. 

The first step was to set up a list of 
ratings based on one of the sequences in 
the system of preferred numbers. This 
gave a list of approximately 16 ratings 
which covered the range adequately. 
However, no agreement could be reached 
upon the values obtained by this simpli- 
fied method of approach, because certain 
active ratings were not included and, ac- 
cordingly, a different method of approach 
had to be used. 

Primary current ratings of 10, 25, 50, 
100, 200, 400, and 800 had been estab- 
lished by the joint AEIC-EEI metering 
group of the association of Edison Il- 
luminating Companies and the Edison 
Electric Institute, and these ratings were 
used as a nucleus around which the list 
now appearing in the standards was es- 
tablished. It was necessary to effect a 
compromise among the requirements of 


* Numbers following subheads refer to paragraphs 
of the currently proposed revision of section 4 of 
the Proposed American Standard for Transformers 
C-57 which are given in appendix 3 of this paper. 


high degree of reliability obtained in labo- 
ratory testing. The flexibility in de- 
sign and the compactness of the unit ob- 
tained by the use of compressed air, and 
the encouragement gotten from commer- 
cial contacts, indicate an increasing de- 
mand for this type of mechanism. 
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the groups interested in applying relays, 
meters, and instruments. Because of the 
_whole-hearted co-operation among the — 


interested groups in reaching a solution 
which would afford a saving to the indus- 
try, the number of preferred primary rat- 
ings has been substantially reduced, the 
reduction being from 29 to 21 ratings. 


The preferred primary current ratings. 


are now in one table in paragraph 4.021. 


It is not the intent that all the values be — 


made available for each circuit voltage; 


rather, it is the intent that the ratings 


used for any circuit voltage be limited to. 


as few of values appearing in the table as 
possible. 
It was also felt that there were too 


many preferred ratings for double-ratio j 


current transformers, and the reduction in 


the number of values required was a simple 
matter after the problem had been solved 
for single-ratio current transformers. 


Standard Burdens for Rating Pur- 
poses (4.030) 


Section 4.030 of the revised standard 
concerns standard burdens for current 
transformers, combining and taking the 
place of the former two sections 4.030 and 
4.031 dealing respectively with ‘“Burdens 
for Current Transformers for Metering 
Service’ and “Burdens for Current 
Transformers for Relay Service.”’ 

Formerly, burdens designated as X, Y, 
and Z, or 2.5 and 15 volt-amperes at 0.9 
power factor, and 50 volt-amperes at 0.5 
power factor, respectively, at five amperes 
and 60 cycles were set as standard 
metering burdens; then a separate series 
was set up for relay service as 12.5, 25, 50, 
100, and 200 volt-amperes at 0.5 power 
factor at five amperes and 60 cycles, these 
burdens to be used for rating purposes. 

These two groups have now been com- 
bined into one list of standard burdens 
designated as B-0.1, B-0.2, B-0.5, B-1, 
B-2, B-4, and B-8 corresponding to 
the ohmic values at 60 cycles of the 
burden of 0.1 ohm, 0.5 ohm, and so forth. 
The first three have a burden power fac- 
tor of 0.9, and the last four have a power 
factor of 0.5 at 60 cycles. The old meter 
burden Y of 0.6 ohm at 0.9 power factor 
and the relay burden 0.5 at 0.5 power fac- 
tor have been replaced by a single burden 
B 0.5, corresponding to 0.5 ohm at 0.9 
power factor or 12.5 volt-amperes at 0.9 
power factor. There is no essential dif- 


ference in these three values as far as per-_ 


formance is concerned, but the new value 
fits into the list of burdens in more or- 
derly fashion. 

It was also found necessary to add an 
additional value of burden; namely, that 
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er . 

ignated 9 as. B-0. 2, or five ae 
0.9 power factor for metering service. 
his burden i 1s now required for certain 
1 ‘ent transformers used on low-voltage 


In the revised table then, burdens 
-0.1, B-0.2, B-0.5, and B-2 are stand- 
d burdens for metering service for 
ting purposes, and burdens B-0.5, 
B-l, B-2, B-4, and B-8 are standard 
burdens for relay service for rating pur- 
poses. It should be noted that these bur- 
dens also may be designated by the volt- 
mperes and power factor at five amperes 
an d 60 cycles of each, if the longer designa- 
tion is preferred. The new designations 
are different from the old ones in order to 
void confusion with former designations. 
he proposed values are as shown in 
aragraph 4.030. 

1 

Burdens for Potential Transformers 
(4.036) 

4 

7 


Former section 44032 concerned stand- 
ard burdens for potential transformers for 
rating purposes in all classes of service. 
This is now included in the revised stand- 
ard in 4.036. Only one change was made; 
namely, the volt-amperes of burden W 
was changed from 13 to 12.5 merely so 
that it would be one half of the value of 
the XY burden, which is 25. 


Classification of Current 
Transformers for Accuracy 
Metering Service (4.031) 


Former section 4,033 concerned stand- 
ard accuracies of current transformers and 
section 4.035 concerned standard accura- 
cies of potential transformers for meter- 
ing service. In the revised standard 
these are included as sections 4.031 for 
current transformers and 4.037 for po- 
tential transformers. Accuracy classes 
have been specified on a different basis 
from that previously used. Formerly, 
fixed limits were assigned separately to 
ratio error and phase angle for each ac- 
curacy class, but on this basis the class 
designation did not in itself indicate the 


probable effect of the transformer on the 


accuracy of measurement of watts or 
watt-hours. 

Since the primary concern with respect 
to ratio and phase angle of an instrument 
transformer is the effect on the accuracy 
of measurement of watts or watt-hours, 
it is more consistent to use this effect as a 
criterion of performance, rather than 
merely the arbitrary ratio error and phase- 
angle limits which might be chosen. A 
measure of this effect is the ratio of what 
a wattmeter would read in a circuit 
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with an instrument transformer having no 
ratio error or phase angle to what it would 
read in the same circuit with an instru- 


ment transformer having the usual errors. 


This ratio has been called “transformer 
correction factor’’ or TCF, and the stand- 
ard defines it as ‘the factor by which the 
watt-hour meter registration or the watt- 
meter indication must be multiplied to 
correct for the error introduced by the 
transformer through the combined effect 
of the ratio correction factor (RCF), 
phase angle (8),* and power factor angle 
(8) of the metered load. 

Thus for a current transformer (see 
appendix 1): 


cos 6 


TCF=RCF—————_— 
cos (@— 8) 


At the same time it was also decided 
to use RCF instead of per cent ratio error. 
true ratio 


RCE = ———_—_ 
marked ratio 


The values of TCF for a transformer are 
dependent upon the power factor of the 
circuit being measured and the RCF and 
phase angle of the transformer. Where 
the transformer angle is small, the rela- 
tion between these various factors can be 
expressed in a rather simple manner within 
accuracy limits sufficiently good for the 
purpose. By choosing limits for 0 and 
TCF, the limiting values of phase angle 
and RCF are set. The range of power- 
factor angle chosen is from 0 to 53 de- 
grees 08 minutes, corresponding to circuit 
power factor of 1.0 and 0.6 lagging re- 
spectively, which covers the usual range 
of power factors encountered in practice. 
For these conditions the relation between 
the limiting values becomes: 


For CTs, 8 =2,600 (RCF—TCF), in minutes 
For PTs, y=2,600 (TCF—RCF), in minutes 


If e represents the permissible per-unit 
error in the measurement, it may be posi- 
tive or negative, and the corresponding 
limiting values of TCF will be (1 — e) 
and (1 + e). See Figure 1. 

The limiting values of TCF as set up 
in the standard have been chosen entirely 
from the practical viewpoint of trans- 
former accuracies which are required and 
those attainable with transformers either 
of modern or earlier design. The new ac- 
curacy classes and, consequently, the 
limiting values of TCF correspond very 
closely to the former accuracy classes at 
circuit power factors at or near 1.0. A 
new class of wider limits than before has 
been added to permit an accuracy rating 


* B is defined as the angle by which the secondary 
current leads the primary current. 
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for current transformers with ratio errors 
in the order of two per cent at 100 per 
cent rated current such as for certain 
bushing and similar types. 

It will be noted on investigation, for 
example, that the former 1/4 class results 
in the limiting TCFs for current trans- 
formers at 100 per cent rated current of 
0.99365 and 1.00635 in the range of line 
power factors from 0.6 to 1.0, which pro- 
duces maximum meter errors of about 
0.635 per cent. This is more than 
double the 0.25 per cent error sometimes 
assumed to be indicated by the former 1/4 
class designation, which corresponded to 
the maximum ratio error only without 
consideration of phase angle and over-all 
metering error. 

For the new 3/10 class at 100 per cent 
rated current 6 varies from+15.6 to— 15.6 


aeet 


TCFe 
TCF=|.000 0.997 


TCF=1,003 


TCF=  TCF=1.000 ps 
eee TCF=0,997 
Figure 1. Parallelogram showing limits of 


ratio correction factor, RCF, and phase angle, 
B, for a current transformer having a 3/10 ac- 
curacy class rating 


minutes (see Figure 1), the limits of which 
are 50 per cent greater than formerly for 
the 1/4 class but which result in only half 
the maximum possible. meter error for 
that class. It should be noted that this 
method is the equivalent of that used for 
the former class M only which has been 
continued as the class 5/10. 

There accordingly results a means of 
accuracy rating of instrument transform- 
ers for metering service that is of more 
significance than formerly to the average 
meterman, since the accuracy class rating 
is associated directly with the effect of 
transformer characteristics on the ac- 
curacy of measurement. The limits set 
appear to be practical and adequate for 
all ordinary purposes, and the method 
utilized is not involved but provides the 
necessary rigidity in a simple manner for 
specification purposes. 


Standard Accuracy Classes for 
Current Transformers for 
Relaying Service (4.032) 


This section, not previously included 
in the proposed American Standard for 
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Transformers is the result of an intensive 
effort to establish standard classes of 
overcurrent performance. It provides a 


much needed benchmark for comparison: 


of the performance of various current 
transformers and for specifying their ac- 
curacy at the high currents involved in 
protective-relay applications. It also 
establishes in a general way the limits 
within which a given transformer does not 
exceed specified errors under overcurrent 
conditions. 


It is important to note that the terms 
“accuracy” and ‘‘performance’’ as cov- 
ered by this standard refer to steady- 
state conditions only. The performance 
of current transformers under transient 
conditions is far too complicated to permit 
of standardization at the present time. 
While the generalization may be made 
that the better the steady-state perform- 
ance, the better the performance will be 
under transients, nevertheless, it must be 
realized that adequate performance within 
the limits of these standards is not neces- 
sarily indicative of adequate performance 
under transient conditions. Reference 
should be made to the various items of the 
bibliography. 

Current transformers are classified pri- 
marily on the basis of the standard bur- 
den which each can carry with a specified 
secondary current without exceeding a 
specified per cent error. To standardize 
ratings five amperes has been selected 
as the standard rated secondary current, 
and for overcurrent performance the 
transformers are classified primarily on 
the basis of their ability at secondary cur- 
rents of the same value, namely 20 times 
rated. 

Since all the transformers are stand- 
ardized on the secondary current, the cur- 
rent need not be part of the necessary 
designation. The designation proposed 
to identify or express the accuracy classi- 
fication is, for example, 2.5400 or 10L- 
200. The first number identifies the ac- 
curacy class and the limiting per cent 
error. The letter identifies the type of 
accuracy classification. The second num- 
ber identifies the terminal voltage which 
can be developed on one of the standard 
burdens at 20 times rated secondary cur- 
rent without exceeding the specified per 
cent error. This scheme of designation 
was adopted, because it was expected 
to give the most useful information. 

In the application of relays it is essen- 
tial that the operating engineer have a 
knowledge of the performance of the 
current transformer under overcurrent 
conditions. While considerable error can 
frequently be tolerated, it is essential to 
know the amount of the error or a limit- 
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ing value which will not be exceeded. 
This point of view led to the establish- 
ment of two accuracy classes for current 
transformers for relaying service. 

In general, the change in the phase 
angle need not be considered in relaying 
applications because often it is of no con- 
sequence and is relatively small as long 
as the ratio error is not excessive. There- 
fore, most attention is focused upon the 
ratio error. The standard limiting ratio 
errors are 10 per cent and 21/2 per cent, 
the particular one applicable being indi- 
cated by the first figure in the accuracy 


BHa2 
E 


Figure 2. Actual and indicated currents 


designation. The figure of 10 per cent has 
been chosen, both because errors not in 
excess of this figure can be disregarded in 
most relay applications, and because for 
errors in excess of this figure the accuracy 
of most current transformers falls off 
very rapidly. The second accuracy class 
with 21/2 per cent as the limit in ratio 
error has been set up to cover those cases 
where 10 per cent cannot be tolerated. 
The error is expressed in per cent of the 
secondary current. 

The overcurrent requirements for cur- 
rent transformers are based upon an over- 
current of 20 times rated in the secondary 
winding. With a five-ampere rated sec- 
ondary current, the choice of 20 times 
rated secondary current is preferable to 
20 times rated primary current, because 
the former results in a secondary current 
of 100 amperes, which is a convenient 
number for such purposes. 

While the current transformers are 
classified primarily on the basis of the 
burden which can be carried at 20 times 
rated with the rated accuracy, it is desir- 
able to specify, if possible, the burden 
which can be carried at lesser overcur- 
rents than equal accuracy. An analysis 
showed that this could be done very 
simply for transformers of relatively high 
internal impedance,* such as wound 
types. Transformers having relatively 
low internal impedance can be standard- 


* The term ‘‘internal impedance”’ is used to identify 
that elusive characteristic of current transformers 
through which the exciting current required for a 
specified secondary induced voltage becomes dif- 
ferent for different values of secondary current. 
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ized at only one point. Therefore, any 
method conceived of standardizing the 
performance at reduced overcurrents for 
the transformers of relatively low internal 
impedance, such as bushing type, had 
serious disadvantages. It was either too 
complicated or, if simple, necessitated in 
many cases transformers much larger 
than would be required to meet only the 
accuracy requirement at the basic stand- 
ardizing point of 20 times rated. 

In order to capitalize on the ability to 
standardize the accuracy of the high- 
internal-impedance types over the range 
of 5 to 20 times rated secondary current, 
without penalizing the relatively low- 
internal-impedance types, two separate 
classifications have been set up, desig- 
nated as H and L. The letter H or L 
indicates whether the transformer is. 
classified as a “high-internal-impedance” 
or a “low-internal-impedance” type. The 
reason for this distinction is as follows: 

The excitation voltage upon which ex- 
citing current and consequent ratio error 
depend is the sum of the secondary ter- 
minal voltage plus the internal-impedance 
drop caused by the secondary current. 
If the secondary current is reduced from 
20 times rated to 5 times rated, but the 
burden increased inversely, so as to keep 
the secondary terminal voltage constant, 
the excitation voltage will decrease due 
to the reduced internal-impedance drop. 
The exciting current decreases quite 
rapidly with a decrease in excitation volt- 
age and for the high-internal-impedance- 
drop types this effect is great enough that 
the per cent error tends to remain con- 
stant. Thus, for the designs of high- 
internal-impedance drop, the requirement 
can be imposed that rated accuracy must 
be maintained for currents from 5 to 20: 
times rated with such burdens as to give 
a terminal voltage no greater than that 
obtained at 20 times rated current with 
rated burden. In only relatively few 
cases will this further requirementincrease 
the size. 

Two examples will clarify the meaning 
of the accuracy designations. 


1. A 10Z400 current transformer is of 
low internal impedance (as a bushing type). 
It can carry a B-4 burden from one to 20: 
times rated secondary current, or 5 to 100 
amperes, with not over 10 per cent error. 
It can induce 400 volts with not over ten 
amperes exciting current. 


2. A 2.5H200 current transformer is of 
high internal impedance (as a wound type) 
capable of supplying a B-2 burden at from 
one to 20 times rated secondary current 
with not over 2.5 per cent error. It can 
also supply any standard burden which will 
not require over 200 volts with secondary 
currents from 5 to 20 times rated, without 
exceeding 2.5 per cent error. At 2.5 am- 
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the transformer will induce over 200 volts. 


_ Transformers (4.033) 


‘There is a growing appreciation of the 
fact that where applicable the saturation- 
e method of calculating the perform- 
ce of current transformers presents 
a distinct advantage over other methods 
involving the use of ratio and _phase- 
angle curves. Transformers of the low- 
internal-secondary-impedance type are 
susceptible to such treatment. Accord- 
ingly, it was thought desirable to es- 
tablish in the standard application data 
hich shall be available from the manu- 
facturers for use in this connection. 

These data should include curves show- 
ing the excitation current as a function 
of the excitation voltage, or volts per turn, 
together with sufficient data to determine 
the inphase (watt) component and out- 
of-phase (magnetizing) component, or the 
phase angle. The data should also include 
the resistance of the secondary winding 
and such information in reference to the 
internal impedance as may be usable. 

Calculations for transformers having 
low internal impedance may be rather 
simply made. The initial step is to de- 
termine required excitation voltage as 
based upon the secondary current and the 
sum of the burden ohms and the second- 
ary resistance. 

The exciting current is the maximum 
error current and may be read directly 
from the curve, and usually this is all that 
is required. If the phase angle or a more 
precise ratio error is required, it may be 
determined by one of the methods dis- 
«cussed in some of the references in the 
bibliography. All of these methods use 
the exciting current in magnitude and 
position with respect to the excitation 
voltage, although the mechanics may be 
different, and they are all essentially a 
solution of the vector diagram, Figure 3. 
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Figure 3. Vector diagram of transformer— 
low internal secondary impedance type 
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on the open-circuit saturation curve 


A few of the methods are given in appen- 
dix 2, and it is hoped that experience will 
indicate a preference for one or the other 
of these methods. 

It is very unfortunate that transformers 
of the high-internal-impedance type are 
not directly susceptible to the simple 
method of calculation, although a some- 
what similar method has been proposed. 
The Standards, therefore, continue the use 
of the familiar ratio and phase-angle 
curves for expressing the performance of 
this type of transformer. 


Mechanical Limit for Current 
Transformers (4.046) 


Because the mechanical strength speci- 
fications (paragraph 3.050, American 
Standard C-57) of power and distribution 
transformers is stated in a manner which 
involves a time element ranging from two 
to five seconds, it was suggested that the 
mechanical limit for current transformers 
should also involve a time element, and 
one second was suggested. However, the 
situation is quite different for the two 
types of transformers; the power or dis- 
tribution transformer limits the short- 
circuit current to a definite value, while a 
current transformer has no appreciable 
effect in limiting the fault current. Ac- 
tually, the time element for power and 
distribution transformers has more con- 
cern with the thermal requirement than 
with the mechanical. If the transformer 
does not fail within the first few cycles of a 
fault it will not fail at all mechanically. 

There is some opinion that a current 
transformer may fail mechanically after 
the crest of the first maximum half cycle 
has passed, and this has apparently been 
confirmed to some extent by tests. Also 
it was quite strongly felt that one second 
was entirely too long a time in view of the 
fairly rapid decrement in the fault cur- 
rent. To facilitate testing the current is 
specified on a symmetrical basis, and it is 
permitted to cover the time range 1n suc- 
cessive applications. The proposed re- 
quirements are shown in paragraph 4.046. 

This paragraph as written includes ma- 
terial which properly belongs in the test 
code. Due to the lack of a test code at 
the present time, this material is placed 
in the standard, because it involves the 
demonstration of the specifications of 
mechanical limit. The rated mechanical 
limit is specified in rms symmetrical am- 
peres, coupled with the stipulation that 
the transformer must withstand the forces 
produced by this value of current when 
the current wave is completely offset. 
In testing this may be demonstrated by a 
symmetrical wave of twice the value of 
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the rated mechanical limit maintained 
for the specified time of six cycles; or 
it may be demonstrated by successive 
applications of current with no intentional 
delay between applications, in which 
case the crest current may be measured 
for the final significant cycle of each ap- 
plication and must not be less than twice 
the crest corresponding to the crest of the 
rated mechanical limit. 


Open Secondary Circuit of Current 
Transformers (4.047) 


The original C-57 simply required that 
current transformers operate with the 
secondary circuit open “without damage 
to the transformer.’’ In many cases the 
strict interpretation of this rule resulted 
in an abnormal design without any com- 
pensating features. Accordingly it was 
thought better to correlate the require- 
ment for this condition with the test on 
the secondary windings. The proposed 
requirements are shown in paragraph 
4.047. 


Preferred Ratios for Potential 
Transformers (4.020) and 
Standard Insulation Classes and 
Tests for Potential Transformers 
(4.050)—Table IX 


The question of what insulation test 
was standard for a potential transformer 
of a given ratio for circuits below 15 kv 
was the cause of many misunderstand- 
ings. The solution of this problem con- 
sisted of combining the tabulation of pre- 
ferred ratios with the tabulation of insu- 
lation classes and tests. 

When the preparation of C-57 was first 
begun, it was recognized that certain in- 
strument transformers had impulse levels 
one step lower than those being consid- 
ered for the circuit voltages with which 
the transformers were being used, al- 
though they could withstand the pro- 
posed low-frequency test required for 
these same circuit voltages. The circuit 
voltages in question were in the 5.0-, 
8.7-, and 15-kv classes, and to take care of 
this situation note c, reading as follows, 
was proposed: 


“(c) Indoor instrument transformers are 
available in the 2.5-, 5-, 8.66-, and 15-kv 
classes insulated one level lower than the 
values of this tabulation.” 


This note was the cause of great con- 
fusion, because its wording permitted 
misinterpretation, and in the printed 
draft of C-57 it was interpreted as apply- 
ing to the lower-frequency test also. It 
resulted in a line of potential transform- 
ers having ratios 20:1, 40:1, and 60:1, 
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which had impulse insulation levels corre- 
sponding to the present insulation classes 
2.5, 5.0, and 8.66, respectively. These 
transformers, according to the present 


at their rated excitation voltage, because 
they are not insulated for this service. 
Because of this, there has been consider- 
able effort to eliminate them entirely 


and are used extensively, particularly for | 
metering applications. Placing them in 
the table and associating their ratios with 
their proper insulation class permits their — 


continued use and eliminates the possi- 
bility of confusing them with the trans- 


from the standard. However, these 
transformers represent existing practice 


standard, cannot however be connected 
in wye for use between line and neutral 


Preferred Ratios Standard Insulation Classes and Dielectric Tests for Potential Transformers 


Table IX of Proposed Standard C-57 
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7 Intermediate voltage ratings are placed in the next higher insulation class unless otherwise specified. 


> Two types of potential transformers are available in insulation classes 25 kv and above. 
with a tapped secondary winding, or with two secondary windings, to make 
formers are designated in Col. 2 by the double ratio, for example 200/115:1. 
secondary volts from each transformer. 


é . One type is for primary line-to-neutral connection and is provided 
available nominal 115 or 120 secondary volts when connected Y or A. These trans- 
) : The other type is for primary line-to-line connection to make available 115 or 120 
These transformers are designated in Col. 2 by the single ratio, for example 200:1. 

¢ When transformer apparatus is used on a A- 


b 1 connected system which operates with one phase grounded, special consideration should be given to the selection of 
the insulation class. 


sep ennscied transformers for operation with neutral solidly grounded, or grounded through an impedance, may have reduced insulation at the neutral as speci- 
ed in 2. é 


€ All potential trausformers for Y connection on a three- 
may be disconnected during a line-to-g 
line voltage. 


phase three-wire ungrounded or impedance-grounded system (or on a four- 


g wire system where the ground 
round fault) should be designed to have magnetic induction low enoug jf 


h to enable them to operate continuously at line-to- 


The secondary windings of instrument transformers shall withstand a low-frequency test of 2,500 volts 


L to ground and normally 
parts but no impulse tests are required. See notes (g) and (i) of Table II. cee ee te Rie naa lala 
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ore. 
of the 
est which may be connected in 
it their rated excitation voltage. 
n the proposed initial draft of Ameri- 
tandard C-57, the ratios of potential 
ransformers intended for line-to-neutral 
onnection did not give 115 volts line-to- 
eutral in all cases when connected wye 
the rated voltages indicated. This was 
elt to be an undesirable situation, and 
hese ratios were adjusted slightly to cor- 
rect this condition. A double-ratio rating 
as also given to provide for 115-volt 
ne-to-line as well as line-to-neutral con- 
1ection. 
The new proposal in Table IX is given 
here under the same table number. The 
ird column, “Secondary Volts,’ has 
en added to make clear which trans- 
ormers have two secondary voltages 
available. In the fourth column the item, 
“Name-Plate Rating,” has been added to 
the heading, together with the proper 
entries in the column, to eliminate the 
revious confusion which existed as to 
hich transformers were suitable only for 
ne-to-neutral connection. The fifth 
and sixth columns were added to indicate 
the circuit voltage for which the trans- 
ererers were intended. The seventh 
column was added to point out the limit 
voltages between line terminal and ground 
for steady-state operation. 


Standard Insulation Classes and 
Tests for Current Transformers 
(4.051) 


In the initial proposed draft of C-57, 
the insulation tests for current transform- 
ers were included in the same table as 
tests for potential transformers. This ob- 
viously led to much confusion and mis- 
understanding which has been over- 
come by the use of a separate table for the 
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Figure 4. Typical saturation curve and loss 
and magnetizing component curves of a bush- 
ing-type current transformer 


60 cycles 
Nominal ratio 500/1 
Secondary winding resistance 0.19 ohm 
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ne ratio having the 


insulation tests for current transformers. 
The proposal is given as Table X. 


Bushing-Type Current 
Transformers 


The printed draft of C-57 did not in- 
clude any material on bushing-type cur- 
rent transformers. It was felt that this 
should be done, and wherever practicable, 
bushing-type current transformers have 
been covered, but not as completely as 
could be desired. 


Name Plates (4.075) 


A new item, “Data Sheet Number,” 
has been added to the required infor- 
mation on name plates. This was done, 


cations, application data, or any other 
information of general use in the applica- 
tion of instrument transformers, 


Appendix |. Development of Ex- 
pression of Limiting Phase Angle 6 


In Figure 2 are shown the actual and 
indicated currents in a current transformer 
on a 1-1 turn basis. The relationship 
among the transformer correction factor, 
TCF, the ratio correction factor, RCF, and 
the phase angle, 8, is developed as follows 
on the assumption that there is no error in 
the potential circuit: 


Actual power = EI cos 0 
Indicated power = EI, cos (0— 8) 


Actual power Ip cos 0 
Indicated power I, cos (@— 8) 


Standard Insulation Classes and Dielectric Tests for Current Transformers 


Table X of Proposed Standard C-57 


nnn epememmemememeeemmeeemeeeeense ee 


ee 


Dielectric Tests 


Low 
Frequency Impulse 
Insulation Maximum Chopped Wave Full Wave 
Class Line-to-Line Ee ee 
(Name-Plate Voltage Ky Ky MinimumTime to Ky 
Rating) (Ky) RMS Crest Flashover psec. Crest 
Col. 14 Col. 2 Col. 3 Col. 4% Col. 5 / Col. 62 
Bee wrenthats <5 ke 1 Pa ae LO eer orave 36 BOM cts cr dpe ete oe 30 
Bithinm ice pris an 5% PEt IS elie Sta oe Micrcieeia die tia ad BAG. at ite roe PZB incthe niles etesece 45 
MUAY duce eialcvs So's BAO eerste s eroice ate ATS Acach ct acre 69 LE a aS eS ee 60 
PAC ci brateictete RADEYs Glare te tesihes vere. e ZB aren salt eave ot A Re DeuGinentare anita ane 75 
iid Salt Sorted RD CS stirs ane ele xi DA erate trers.sie he LTO Seatste ave ave Ds Br ack cnalttorersred chia 95 
ENED. Hecate bs sie Lp eA CR OCS Saw ecuckl eae 130 pals OS Yer dea ava aics 110 
25 Gehan siete tiueey' MSE oieaiays o ecee RAR eeerrese ote aed Ros ke aned cn Dil ing ie aetee n eomene 150 
4 5 wets odio 6 otates D458 ewe whaka ens WOR ete cba a3 oes ZB OI Sea cake tea DO) gaffer, as bs evenes 200 
ea ee ae LD cea ee Cee iO OB Rae ete 290 pan gO | aeeeaie sPaharste 250 
Utes curs... uit. 3 OO ns sete BAO) ie aerate accuse AOO Mss eee cl ata. (ebyth oct 350 
Se crcr y= DES ei oeierebaeahe ASO Peirete teakon BQO ee weratete oars Si Oey etececatattcat 450 
SUS We eee. PUB ge) ak eho. selene D380 Re seat om nc EIU) et os, AML ae ae SCO Wires, oe as 550 
TS ics hemes 138: Sis Finis cves TM tats ote TBO iat iss hole! Ao vO eeetaes eee 650 
EIS a SERN MOD Sree a tein ts O2B ene iate a SOR vaue eats ats es) citel ai ar atc varia ate 750 
YOG ws sews ee LO eS eave ai <ssl sla are $05.2 s sapeent p ID is a ae er et 2), Eh Mies eek eon LOre 900 
230 esi er COU ns Siaateh adhd AGO Feyehoatnk artes As ng Weaidraratatehs S30) Mak, ecoiyine te a7s 1,050 
2 eS ne OBE sal ip Si rcu ct tere inne Beccles aw oe LUA ee es visas -aeannisee DS iQlerg news 1,300 
PAU Pa Eee BABE As gaa Pettiavess GOO ee aie aur siete U7 SD at etetayte.< SsOerne wa casket 1,550 


4 Intermediate voltage ratings are to be placed in the next higher insulation class unless specified otherwise. 


The secondary windings of instrument transformer shall withstand a test of 2,500 volts to ground and 


normally grounded core and other metal parts. 
secondary windings of instrument transformer. 


because in many cases the name plate 
will not be large enough to include 
all the information which might be 
thought desirable. It is the intent that 
the manufacturer shall have such ma- 
terial available under this number and 
will be able to furnish it upon request by 
reference to the proper design number. 
It is expected that the “Data Sheet 
Number” will serve the same general 
purpose as the instruction book or sheet 
referred to in 3.090 (16). The “Data 
Sheet”’ will be the means whereby the user 
may obtain such information as thermal 
and mechanical limits, accuracy classifi- 
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No standard impulse tests have been established for 


But 


poe power =TCF by definition 
Indicated power 


2 RCF by definition 
8 


so that 


cos 8 


SCH 
AEE cos (@— 8) 


cos 0 


a cos @ cos B+sin @ sin B 


A positive angle 8 indicates in this de- 
velopment that the secondary current 1s 
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Table A 


Table B 


Table D — 


Primary 
Current 


Rating Preferred Ratio 


(a) Single-ratio current transformers 


NOMA: ere occ 2-1 
U3 oe eS 3-1 
DUN Meraseavs Weel ene canes Os 4-1 
DD eeeesa tice suet agape skeen 5-1 
SOR ream ata diocesan 6-1 
AOS Stare Pc tacene tase 8-1 
SOM eR ee ace tess ee ole 10-1 
tas Op CEN OEE 15-1 
POOR hocees, cioeictduist-ne teers 20-1 
UB QIK seve cynaters: ateteue es cgavie 30-1 
DOOR EE Aisa cia 40-1 
SOOM acide wo Weare 60-1 
A OO anos \axcteine scams cehir. 80-1 
GOO Fe exersceclbiten eerie 120-1 
SOU arava soe Sheree 160-1 
17d 0) Ore My Catchd os cteee 240-1 
SEBO ce: vctarte ins siersts Ausra 300-1 
DOOR eons ee en aoe te 400-1 
3 OO OMe e rit arate fs waders. se 600-1 
AN OOO weer ette ect deterss cht exec 800-1 
DOOO sre.ck Seetneamaes 1,000-1 
(b) Double-ratio current transformers 
OP 20M hepstsrceiesetsierths ais 2/4-1 
PAEY Aa) Oi oe Por vn ecto a ROG 5/10-1 
50/100 5 ape aersa retards 10/20-1 
Waal OO Rebeka eye's, Hie 15/30-1 
HOO ZOO RE Racegtteaia othe sete 20/40-1 
150/SO0n me eee aise «086 30/60-1 
200/400 se aera cite cyecteteras axe 40/80-1 
300/60 Ommrrcha sees erehecee 60/120-1 
A OO SOO eerie eras. 80/160-1 
BOO e200 Men oseutr rcoraesereccrer 120/240-1 
(c) Miultiratio transformers (bushing type) 
GOO ryt alten snes Se< 120/100/90/80/60-1 
50/40/30/20/10-1 
Re OO RN ctrtver. sient vencbeiadere 240/200/180/160/120-1 
100/80/60/40/20-1 
2 OOO erect tie eye eevee 400/360/320/280-1 
240/160-1 
3 OOOFE eiccere cite suentess 600/400/320-1 


800/600/400-1 
DiOOOTE Re chee as ca. 6 1,000/800/600-1 


* Maximum. 


ahead of the primary current, from which 
the following close approximation is ob- 
tained: 


RCF=TCF(1+8 tan @) 


and then 


(8 in radians) 


B=(RCF—TCF) cot 6 (@ in radians) 


The value of the phase angle @ in minutes 
is given by 


8 =3,438 cot 6 (RCF—TCF) 


For a given power-factor angle 6, phase 
angle 6 and ratio correction factor RCF, the 
value of the transformer correction factor 
TCF at this condition will not be exceeded 
for angles less than this value of @. 

Since the maximum angle @ in the trans- 
former accuracy limits is taken as cos~0.6, 
then these TCF limits will not be exceeded 
for any value of @ from cos—!0.6 to cos~!1.0. 

With cos! 0.6 


6 =2,600 (RCF—TCF) very nearly 
in which both the maximum and minimum 


values of 8, RCF, and TCF are taken for the 
purpose of specifying their limits. 
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Secondary Burden 
at 60 Cycles and Five 


Burden Amperes Secondary 
Characteristics Current 
@ 
o o o * 
eee eh] be, 
Sas oS ae ee aes menice Se 
7 i + tet q aI o S| aren a4 
sae SRS ess gue 
pa xe ae AES) >xmt Ae 
B-Ond CX) OL 09m OU LG tent Olen O70 10 
B-0,2 _ Ow ORE cede 5 WOR SORE 
B-0.5(Y) ..0.45.. 0.580....0.5.. 12.5..0.9 
B-1 EP OG ee oun eset Onno Omer a0) 
iRDCAY tle) 65 2G 5c MOL BD) pete 
B-4 OR 5 OP 5 con eDinctlO a.cltats 
B-8 EAA fl Seduce SOc OOM aan Ono 
ieee ee PG A te a eee ee 


* In accordance with 1.130 the burden may also be 
designated by means of the volt-ampere character- 
istic; that is, va 2.5, or va 50. 


Table C 
Limits 
Limits of Transformer Correction of 
Factor Power 
Factor 


10 Per Cent (Lagging) 
Rated Current of 


100 Per Cent 
Ac- Rated Current 


cu- oe ———_—_—_—_——- Metered 
racy Mini- Maxi- Mini- Maxi- Power 
Class mum mum mum mum Load 
2.4 . 0.976)". 1.024 220.952. 14048" 076—1.0 
125202988) ) se HOLD er, OF 976x024 OG —h 0 
6/10..0.994 ..1.006 ..0.988..1.012..0.6-1.0 
3/10..0.997 ..1.003 ..0.994..1.006..0.6-1.0 
5/10. .0.995**. .1.005**. .0.995..1.005..0.6-1.0 


** These values also apply to 150 per cent of rated 
current. 


Appendix 2. Calculation of Cur- 
rent-Transformer Ratio-Correction 
Factor and Phase Angle 


Method 1 


Starting with a given value of secondary 
current J,, determine the internal voltage 
E; necessary to force the secondary current 
I, through the secondary resistance R, in 
series with the external burden Z,, and the 
angle ¢,; by which J, lags E;. Express the 
secondary current vectorially with respect 
to H; as a reference. 


I,=A—jB 


From the curve such as Figure 4, deter- 
mine the exciting current as a vector with 
respect to same reference voltage E;. 


I=W-jM 


Determine the primary current, on the 
same turn base, by adding vectorially the 
secondary and exciting currents. 


Ip=V (A+ W)*+4 (B+)? 
RCF=I,/I, 


Phase angle 6 is the angle by which Js 
leads I, 


g=(tan- aa in degrees 
Atk W / ae 
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Limits of Power 
Factor (Lagging) of 


Limits of 
Accuracy Transformer Cor- 


Class rection Factor Metered Power Load 
Does USOL2—-OF.988icccr cues 0.6-1.0 
6/10 Sarerye 1 006-0) 994. ie ions sche s 0.6-1.0 
3 LO ese t.003=0.. 99.76 ve asters 0.6-1.0 
Table E 
Maxi- 
mum Maxi-- 
Maxi- Maxi- Sec- mum 
mum mum ond- Sec- 
Per Per ary ond- 
Cent Accu- Cent Accu-- Ter- dary 
Ratio racy Ratio racy minal Burden 
Error Class Error Class Volts* Ohms** 
10...10 H50 2.5. .2.5H50 60 Jera 2 
10...10H100 2.5.,.2.0: 2100) LOOR err 4 
10...10H200 2.5. .2.0 2200) 2005 an 8 
10...10 H400 2.5..2.5H400 400..... 16 
10...10 H800 2.5..2.5H800 800..... 32 


* Secondary voltage and current limitation—in 
any accuracy class the specified per cent ratio error 
shall not be exceeded for the specified secondary 


terminal voltage at current values from 5 to 20 
times rated secondary current. 


** Secondary burden and current limitation—in any 
accuracy class the specified per cent ratio error shall 
not be exceeded for the specified secondary burden 
ohms at current values from one to five times rated 
secondary current. 


Method 2 

Express the secondary current as 
Jé = 1,€% 
and the excitation current as 
I,=I,¢%* 


From these the RCF is 


eng’ pipet! I.\? 
RCF= @& 1+2=— cos (¢¢— 45) +| — 
I; I; 


And §, the angle by which I; leads I, is, 
providing ¢,; and ¢, are looked upon as 
being positive angles 


I, sin (¢e—¢s) 
I;+I, cos (¢e— $s) 


RCF and 8 may be determined directly 
from the chart given in Figure 5. 


tan B= 


Method 3 


Let Is, Ie, $s, and @, be the same-as in 
method 2 and let 


Ihe a? 
a=— and p=acos (¢s;—¢¢) +— 
Ie. 2 


Then the ratio correction factor 


2 3 
IRON 1+p- 45 — + ete. 


And the phase angle 8, by which J, leads 
I, is, providing ¢, and ¢, are looked upon 
as positive angles 


asin (de— $s) 


tan B= ——_—_———_ 
1+4 cos (¢¢—s) 
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Appendix 3. Excerpts From Pro- 


‘6 


3 osed American Standard for 
Transformers C-57 (Currently Pro- 
posed Revision of Section 4) 


¢ 


4.021 PREFERRED PRIMARY CURRENT RAT- 
INGS AND RATIOS OF CURRENT TRANS- 
FORMERS 


The preferred primary current ratings and 
ratios of current transformers shall be as 
shown in Table A. 


Standard Burdens and Standard Accu- 
racy Classes for Current Transformers 


4.030 STANDARD BURDENS FOR RATING 
PURPOSES 


(a). Standard burdens for rating pur- 
poses shall have constant-impedance ohms 
and linear-reactance characteristics over the 
entire current range on which they are used 
and shall have resistance and inductance 
values, together with impedance and volt- 
ampere values, at 60 cycles as shown in 
able B. 


(6). Burden B-0.1, B-0.5, and B-2 are 
standard burdens for current transformers 
used for metering service and correspond to 
the X, Y, and Z designation previously used. 
Burdens B-0.2 and B-0.5 are new stand- 
ard burdens for metering service. 

Burdens B-5, B-1, B-2, B-4, and B-8 
are standard burdens for current transformer 
used for relaying service. 


4.031 STANDARD AccuRACY CLASSES OF 
CURRENT TRANSFORMERS FOR METERING 
SERVICE 


(a). The accuracy classification of cur- 
rent tranformers for metering service shall 
be based on the requirement that the trans- 
former correction factor (TCF) shall be 
within specified limits over a_ specified 
range of power factor of the load being 
metered. 


For the purpose of these standards the term ‘‘Trans- 
former Correction Factor’ (TCF) is used instead of 
the more complete term “Instrument Transformer 
Correction Factor’’ defined in 1.134 to desig- 
nate the factor by which the watt-hour meter 
registration or the wattmeter indication must be 
multiplied to. correct for the error introduced by 
the transformer through the combined effect of the 
ratio correction factor (RCF) and phase angle B. 


(b). For purposes of standardization the 
limits of transformer correction factor shall 
be specified at 100 per cent of rated primary 
current and at 10 per cent of rated primary 
current. 


(c). For the purposes of accuracy classi- 
fication, the rated secondary current shall 
be five amperes. 

(d). The standard accuracy classes and 
corresponding limits of transformer correc- 
tion factor (TCF) shall be as shown in 
Table C. 


(e). For any known ratio correction fac- 
tor (RCF) of a given transformer, the post- 
tive and negative limiting values of the 
phase angle 8 in minutes may be expressed 
as follows: 


8 =2,600(RCF —TCF) 


in which TCF is taken as the minimum and 
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Table F 
SL eae teeemmmneeceeeneeeeneeeesseecoee ee ee 
' pos Maximum Maxi mum 
“a a ‘ Maximum Per Cent Maximum Secondary Maximum 
“ oO ccuracy Exciting Ratio Accuracy Exciting Terminal Secondary 
rror Class Current Error Class Current Volts* Burden** 
at tees LOZSO eo. san 10 2.5 2.5150 2.5 50. 
: BD sbeses Gn) OLO0 Canina VOppe a OOM ets B-0.5 
Li onsralorcts POZTOO! co Aaan s 10 DO Reine oot me AOLLOO rae ntece aes TOO ere creas B-1 
VO) aerate care TOLQ00 8 shies. as 10 Di On Rata ae aL eOOMNm in 2.5 ZOO seperate ss B-2 
LO nance a LOLE00N. cece 10 ASD aay Or OLA00.,acann 2.5 BOOM eerie B-4 
RO vac Ra es TOE S0O Naas cals 10 a Se OLB wh ate cc 2.5 800%, waa: B-8 


eS a eS ee ee ie ee ee 


* Better A 
Secondary voltage and current limitation—in any accuracy class the specified per cent ratio error shall 
not be exceeded for the specified secondary terminal voltage at 20 times rated secondary current. 


+e ‘29 . . 
Secondary burden and current limitation—in any accuracy class the specified per cent ratio error shall 
not be exceeded for the specified secondary burden ohms at current values from 1 to 20 times rated second- 


ary current, 


maximum transformer 
specified in (d) above. 
The limiting values of the ratio correction 
factor are the same as the limits of trans- 
former correction factor given in (d) above 
since the phase angle of the current trans- 
former does not introduce a significant error 
when it is small and when the load power 
factor is 1.0. These limits of ratio correc- 
tion factor, together with the corresponding 
limits of phase angle, keep the transformer 
correction factor within the specified limits 
for all values of power factor (lagging) of the 
measured power load between 0.60 and 1.00. 


correction factor 


(f). A current transformer shall be given 
an accuracy rating in accordance with the 
accuracy class (or classes) in which it falls 
for the specified standard burden (or bur- 
dens). Double-ratio transformers shall be 
given accuracy ratings for each ratio. 


(g). In practice, current transformers 
shall be designated in reference to accuracy 
rating by the accuracy class number fol- 
lowed by the burden number. For example 
6/10 B-2 and/or 5/10 B-0.1 and so forth. 


4.037 SraNpDARD AccURACY CLASSES FOR 
POTENTIAL TRANSFORMERS FOR METER- 
ING SERVICE 


(a). The accuracy classification of po- 
tential transformers for metering service 
shall be based on the requirement that the 


RCF=1.02 1.03 1.04 1.05 1.10 


‘eas 


transformer correction factor (TCF) shall 
be within specified limits over a specified 
range of power factor of the load being 
metered [see paragraph 4.031 (d)]. 


(b). Standard output and accuracy rat- 
ings of potential transformers shall be on the 
basis of their standard rated secondary volt- 
age 


(c). The standard accuracy classes and 
corresponding limits of transformer correc- 
tion factor for potential transformers shall 
be as shown in Table D. 


(d). For any known ratio correction fac- 
tor (RCF) of a given transformer, the 
positive and negative limiting values of the 
phase angle ‘‘8’”’ in minutes may be expressed 
as follows: 


y =2,600(TCF —RCF) 


in which TCF is taken as the maximum and 
minimum transformer correction factor 
specified in (c). 

The limiting values of the ratio correction 
factor are the same as the limits of the 
transformer correction factor, since the 
phase angle of the potential transformer does 
not introduce a significant error when it is 
smail and when the load power factor is 1.0. 
These limits of ratio correction factor, to- 


Figure 5. Chart for calculating RCF and 8 


AA 
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gether with the corresponding limits of 
phase angle, keep the transformer correction 
factor within the specified limits for all 
values of power factor (lagging) of the 
measured power load between 0.6 and 1.0. 


(e). These limits shall apply from 10 per 
cent above rated voltage to 10 per cent 
below rated voltage, at rated frequency, and 
from no burden on the potential transformer 
to the specified burden (see paragraph 
4.002). 


(f). In practice, a potential transformer 
shall be designated as 6/10 W if its ratio 
and phase-angle characteristics conform 
with the requirements of accuracy class 6/10 
when used with any secondary burden not 
exceeding W with the power factor specified 
for W burden. 


(g). In plotting curves of potential 
transformer accuracy, power factors shall 
be chosen to conform with the power factors 
of the standard burdens. 


4.082 Sranparp AccURACY CLASSES FOR 
CURRENT TRANSFORMERS FOR RELAYING 
SERVICE 


(a). 1. The overcurrent performance of 
current transformers for relaying service 
shall be specified on the basis of a standard 
per cent ratio error at 20 times rated second- 
ary current, the standard relaying burdens, 
and the secondary terminal voltages estab- 
lished by the specified secondary current (20 
times rated) operating into these burdens. 


In these standards the term ‘‘per cent ratio error"’ 
is defined as 100(RCF-1), RCF=ratio correction 
factor. 


2. A current transformer shall be given 
an accuracy rating in accordance with the 
maximum secondary terminal voltage at 
which the specified error will not be ex- 
ceeded on the basis of 20 times normal 
secondary current operating into a standard 
relaying burden. 


3. Accuracy classification for multiratio 
current transformers shall be given for the 
maximum secondary winding, and for 
double-ratio transformers shall be given for 
each ratio. 


(b). Unless otherwise specified the rated 
secondary current shall be five amperes. 


(c). For the purposes of standardization 
the standard specified per cent ratio errors 
shall be 10 per cent and 21/2 per cent. 


(d). The accuracy classes of those trans- 
formers having a high internal’ secondary 
impedance (wound-type) shall be as shown 
in Table E. 


(e). The accuracy classes of those trans- 
formers having a low internal secondary 
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impedance (bushing-type) shall be as shown 
in Table F. ; : 


(f). The induced secondary voltage and 


corresponding value of exciting current 


form a good criterion of transformer per- 
formance and burden capacity. The in- 
duced secondary voltage is the vector sum 
of the secondary terminal voltage and the 
voltage drop due to the internal impedance 
of the secondary winding. The internal im- 
pedance may be negligible in certain designs, 
such as the bushing type, and quite large in 
others, such as the wound type. 

Transformers having a relatively high 
internal impedance can maintain constant 
secondary terminal voltage under load for a 
range of 5 to 20 times rated secondary cur- 
rent, due to the fact that the internal voltage 
drop decreases more rapidly with reduction 
in secondary load current than the induced 
secondary voltage decreases with lower 
values of exciting current. 

Transformers having relatively low in- 
ternal impedance do not as a rule have this 
compensating internal voltage drop and can 
be standardized at one point only. 

Recognition of this fact has resulted in the 
establishment of separate accuracy speci- 
fications for the two forms of current trans- 
formers. 


(g). In practice, current transformers 
shall be designated by the accuracy class 
number. 

The first number indicates the per cent 
ratio error. The letter H or L indicates 
which type of accuracy is specified. The 
second number gives the maximum second- 
ary voltage at which the specified accuracy 
is obtained, with a secondary current of 20 
times rated. 

For example, a transformer of the 10H400 
accuracies class has high internal impedance 
and the ratio error is not more than ten 
per cent at a secondary terminal voltage not 
exceeding 400 volts for secondary current 
values from 25 amperes to 100 amperes, or 
from 5 times to 20 times rated current. 


4.046 MercuanicaL Limit FOR CURRENT 
TRANSFORMERS 


(a). The mechanical limit of a current 
transformer is defined by specifying the 
maximum rms symmetrical primary current 
which the transformer is capable of with- 
standing with its secondary winding short- 
circuited for six cycles (0.1 second) and 
which may be in successive applications 
with no intentional time delay between 
applications. Transformers shall not be 
required to withstand a test for the me- 
chanical limit exceeding one-half the thermal 
limit at six cycles (0.1 second) as calculated 
from the thermal limit at one second [see 
section 4.045 (d)]. 
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(b). The transformer shall be capable 
of withstanding the mechanical forces pro- 
duced by this value of current when the cur- 
rent wave is initially completely offset. 


4.047 OPEN SECONDARY CIRCUIT OF CUR- 
RENT TRANSFORMERS 


. 

Current transformers conforming to these 
standards shall be capable of carrying rated 
primary current continuously with the 
secondary circuit open, without damage to 
the transformers, except when the open- 
circuit voltage exceeds 3,500 volts crest, 
which usually will occur when the ratio ex- 
ceeds 300-1. When the secondary peak 
voltage exceeds 3,500 volts, the secondary 
of such a transformer shall be insulated so 
that it can operate continuously with current 
in the primary to produce 3,500 volts peak 
across the secondary terminals. (However, 
the operation of current transformers under 
such conditions should be guarded against 
to prevent excessive voltage in the second- 
ary winding.) 
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Insulation Tests 


HE subject of nondestructive tests on 
insulation has received much atten- 
tion. Since a function of insulation in a 


given application is to provide a certain 


minimum dielectric strength, tests at 
their greatest usefulness would give a 
measure of dielectric strength without 
requiring a dielectric breakdown. Addi- 
tional indications like proneness to loss 
of dielectric strength if subjected to 
certain hazards of service are valuable, 
and information on the deterioration or 
aging of insulation with service may 
follow from periodic tests. 


Current Practices 


Although an ideal test has yet to be 
devised, the insulation resistance and 
power-factor methods are widely used 
for nondestructive tests on insulation. 
Insulation-resistance measurements are 
recognized in many test codes and stand- 
ards.1*2_ A formula is given for the insula- 
tion resistance to be expected in a clean 
dry machine at 75 degrees centigrade. 
In some cases the same formula is given 
for a minimum safe value. In 1934 
Wieseman? pointed out inadequacies of 
this formula and suggested improvements, 
and his work seems to deserve more rec- 
ognition. Dielectric absorption has ap- 
preciable influence upon indicated values 
of insulation resistance but is not men- 
tioned in recent standards like the Test 
Code for Single-Phase Motors, Novem- 
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ber 1941. This absorption effect is ap- 
preciable and may be taken into account 
by establishing a definite time of voltage 
application for making observations. 
Actually, many of the deductions made 
by an experienced Megger operator are 
hard to formulate or standardize. 


Capacitance and power-factor measure- 
ments have proved valuable for field test- 
ing of high-voltage insulation as in bush- 
ings or transformers. These measure- 
ments are largely detectors of moisture 
in sealed or oil-insulated types of appara- 
tus.4° For rotating apparatus perfect 
sealing is difficult, and a varnish film 
protects the insulation. Appreciable 
moisture can be tolerated, at least to the 
extent that power-factor measurements 
seem less significant. 

An extensive and prolonged study of 
nondestructive tests leading to many 
improvements in technique has been 
conducted on very large machines by an 
Edison Electric Institute committee.® 
Field tests provide convincing evidence 
of any conclusions or limits established. 
Laboratory investigations however per- 
mit accelerated tests with one variable 
under study at a time, and dielectric 
strength tests leading to correlation with 
the nondestructive indicators are possible. 
In the belief that a study of testing meth- 
ods under extreme conditions might 
prove helpful in interpreting field data 
and permit suggesting limits based on 
dielectric strength, some motors of the 
five-horsepower 440-volt class or smaller 
have been subjected to severe tempera- 
ture or moisture conditions. 


Laboratory Tests 


Two similar five-horsepower  three- 
phase 220-440-volt induction motors have 
been operated more than two years on an 
overload cycle. Each working day one 
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motor has been brought to a temperature 
of 125 degrees centigrade by winding re- 
sistance, the other to 100 degrees centi- 
grade. Insulation resistances have been 
observed before starting and immediately 
after shutdown each day. The motors 
have been started across the 230-volt 
line with 15-kw d-c generators connected. 
Operation thus has been similar to actual 
service conditions with one unit deliver- 
ing about 7.2 horsepower and the other 
6.4 horsepower. 

Several fractional-horsepower motors 
have been subjected to high humidity 
conditions. After several trials with 
various cooling cycles by refrigeration, 
the simple arrangement of exposing the 
samples at room temperature in a closed 
metal chamber with water in the bottom 
(appendix I) was adopted. Insulation 
resistances, dissipation factors* and ca- 
pacitances on samples so conditioned have 
been recorded periodically. Dielectric 
breakdown tests have been made on a 
number of the samples. 

Motors are not suitable samples on 
which to secure extensive data on di- 
electric breakdown voltages. Accord- 
ingly, small wax-dipped paper-insulated 
capacitors, which could be conditioned 
readily, have been used to observe the 
relation between dielectric strength, in- 
sulation resistance, and dissipation factor 
under exposure to high humidity. 


Insulation-Resistance 
Measurements 


Careful technique and analysis show 
promise of increasing the significance of 
insulation-resistance measurements. The 
following considerations should be given 
attention: 


(a). The influence of external leads should 
be eliminated. 

(b). The effect of time of voltage applica- 
tion should be taken into account by making 
observations at a definite time such as one 
minute after test voltage is applied, or by 
exploring the dielectric-absorption curve. 
(c). A definite trend in insulation resistance 
for weeks or months may be of significance 
where individual values are not. 


* Dissipation factor is the cotangent of the angle of 
which power factor is the cosine. It is often multi- 
plied by 100 and given in per cent. 
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(d). Measurements at room temperature 
are attractive for practical reasons. 


In both the high-temperature and the 
moisture tests on motors, leads influenced 
resistance readings. About ten feet of 
rubber-insulated cable lying on a wooden 
floor was connected to each of the five- 
horsepower motors. The cables were 
isolated and checked for insulation re- 
sistance at the start of the test which 
happened to be in the winter time. Later 
it was found, under summer humidity 
conditions, that the cable resistances were 
less than those of the motors. Similarly, 
on the small motors subjected to high 
humidity, leakage between the leads and 
frame in the terminal boxes determined 
observed insulation-resistance values at 
times. Hence, an essential precaution 
to obtaining significant values on motor 
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) 200. 400 600 600 1000 
SECONDS AT 500 VOLTS D.C. 

Figure 1. Insulation resistances hot and at 

room temperature on two five-horsepower 
motors on daily load cycle 


insulation is to make- sure that leads’ are 
not influencing the results. 

The effect of time of voltage application 
is shown in Figure 1 which gives insulation 
resistance values before and after one of 
the daily runs for each of the five-horse- 
power motors. For the curves while hot, 
the machines were cooling rapidly from 
‘the high temperatures of operation. 
Thus, cooling as well as dielectric absorp- 
tion contributed to the increase of ap- 
parent insulation resistance with time. 
The 125 degrees centigrade motor, for 
instance, in 15 minutes has reached a 
resistance higher than the five-second 
value at room temperature, Times 
longer than 15 minutes appear necessary 
to arrive at steady-state conditions, 
These are not practical for small appara- 
tus, but the rapid changes with time 
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indicate the desirability of selecting a 
definite time arbitrarily for comparative 
values. For data in this paper insulation 
resistance values are for one minute after 
application of 500 volts d-c. Bridges 
with electronic balance indicators were 
used. 

An enclosed d-c motor operated daily 
at 165 degrees centigrade has shown a 
reversal of the trend of change in insula- 
tion resistance. With the test started in 
August, the hot insulation resistance of 
the armature increased gradually from 
2.2 to 1,000 megohms with drying and 
curing of the insulation, However, after 
several months operation enclosed and 
overloaded, the effect of brush dust re- 
versed this trend. It was even more 
apparent in room-temperature-resistance 
values. In one case, these dropped from 
7,500 megohms to 50 megohms over a 
period of six months. Simply cleaning 
the armature with compressed air raised 
the resistance to 30,000 megohms. 

Electrical standards usually suggest a 
temperature of 75 degrees centigrade 
for insulation-resistance measurements. 
This temperature tends to minimize the 
effects of moisture, but a machine may 
require many hours or days at 75 degrees 
centigrade to reach a steady state of 
insulation resistance. On large genera- 
tors the pertinent question often is 
whether continued operation is safe. 
On small machines the information may 
be required to determine the advisability 
of applying voltage and starting operation 
without drying. Therefore, the usefulness 
of tests would be enhanced by making 
measurements and establishing limits for 
a temperature in the ambient range. 


Aging of Insulation 


The temperature aging of insulation is 
difficult to detect from insulation-resist- 
ance measurements. It does not seem 
possible to draw conclusions on the rela- 
tive insulation condition of the motors 
operated at 125 degrees centigrade and 
100 degrees centigrade, although further 
experience may disclose significant rela- 
tions. A physical examination shows 
that the 125 degrees centigrade insulation 
is somewhat brittle. Probably, it would 
be much more vulnerable to long or 


Table |. Insulation Resistances in Megohms 
on Two Five-Horsepower Motors Following 


severe exposure to vibration or moisture. 
But where the operating schedule is regu- 
lar, standard temperature limits appear 
conservative for many conditions of 
operation. From these tests the follow- 
ing observations were made, applying of 
course to thoroughly baked insulation: 


(a). At room temperature the induction 
motors clean and dry had insulation resist- 
ances of from 100 to 100,000 megohms. In 
summer the values were below 1,000 
megohms. In winter in a heated room 
10,000 to over 100,000 megohms were ob- 
tained. 


(b). A heated motor showed insulation re- 
sistance upon cooling of 10,000 to 1,000,000 
megohms or an increase of 10 to 100 times. 


(c). The 125 degrees centigrade motor had 
hot resistances of 1,200 to 2,500 megohms 
after 18 months operation, while the 100 
degrees centigrade motor varied between 
500 and 1,200 megohms. These values ap- 
pear to have increased with aging of the 
insulation, but this point is submerged by 
the effects of the leads in the early part of 
the tests. The daily changes with tempera- 
ture correspond fairly well with tempera- 
ture correction curves’ given by Rylander. 


(d). One feature in comparing results on 
the two motors is the relative consistency of 
the resistance values. The day-to-day 
variations seem closely related. 


(Table I shows values for one week. When 
one motor changed up or down, the other 
tended to do likewise. Many exceptions oc- 
curred, but there seemed to be a definite con- 
sistent relation, which suggests the influence 
of external conditions affecting both motors 
alike. Possibly it was simply temperature 
variations resulting from changes in line 
voltage or ambient temperature. The evi- 
dence is good that certain influences were 
functioning consistently and, that wide 
variations in insulation resistance may ap- 
pear more logical with a better understand- 
ing of all the variables involved.) 


(e). During weekends or occasional longer 
periods of shutdown, insulation resistance 
values tended to fall. This suggests that 
the room temperature reading at any given 
time is influenced by the integrated effect of 
moisture absorption since the previous heat- 
ing period. It follows that a single humidity 
reading at the time of a test is not likely to 
be significant. 


Moisture 


Insulation is affected by exposure to 
moisture in spite of varnish treatments 
and usual methods of enclosure. These 


Table A 


AIEE Formula 


Daily Load Runs Operating Minimum Megohms Megohms 
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factors uence the rate” of moisture 
al npton and drying. On motors 
tan dle, the absorption is cumula- 
tive and appears to be readily reversible. 
_ Four 1/,-horsepower three-phase 440- 
volt enclosed motors were used as test 
2 Measurements were made un- 
der the following conditions: 

¢ As received from the factory. 


(b). After five hours at 48 degrees centi- 
grade. 


days the original condition was not yet 
attained again, ‘ 

Table II gives insulation-resistance 
data on the four motors for conditions 
(a) to (f) except that only one set of 
values was recorded during the 18-day 
idle period. The consistency in perform- 
ance of the four motors is noteworthy. 
In all cases values on the different motors 
are of the same order of magnitude under 
given conditions. Columns 2, 6, and 7, 


able Il. Insulation Resistance in Megohms for Four Small 440-Volt Motors at Controlled 
Temperatures 
vf 
3 4 5 6 25 C (18 Days) 
1 2 48C 75C 95C 22C 5 C (15 Hrs) 
Motor 28C 5 Hrs 20 Hrs 19 Hrs 23 Hrs 25 C (7 Hrs) 
Wy ie od MOU ores Bic v's Teen Gea sc teh Bsa aie eek Wis PL eas 6 ors Be O00 dina ssat 27 
Bee A eet Sake, ret ee BOO: ae. MOS an en eee DB O00. cece en 16 
, Sie en eee Ce Se ee Py a aa SSO S a risice ws < Oe teats tier se BP OOO % a ostacieiccs 25 
19 che See CUT eek teeptaeeke 0G ee BOs ace RAN SSO00 hee. ee 31 
(c). After 25 hours at 74.5 degrees centi- however, are all for room-temperature 
grade, measurements at different stages of mois- 
(d). After 44 hours at 95 degrees centi- ture absorption. Drying increased insula- 
grade. tion resistances about 100 times. A cool- 
_(e). During 18 days standing at room tem- _ing cycle conducive to condensation later 


perature. 


(f). After 15 hours at five degrees centi- 
_ grade and seven hours at room temperature. 


These test conditions were consecutive 
and represent a drying cycle, an idle 
period, and a cooling cycle conducive to 
condensation. Figure 2 gives capaci- 
tances and dissipation factors observed 
with a 115-volt 60-cycle bridge for condi- 
tions (a) to (e) inclusive on one motor, 
_ and the others were quite consistent. The 
record of moisture absorption is definite. 
The 30 per cent dissipation factor at the 
start and the decrease in capacitance and 
dissipation factor with drying are char- 
-acteristic-of moisture. The later increase 
in dissipation factor and capacitance when 
exposed to prevailing summer humidities 
indicates a slow but definite reabsorption 
of moisture. The rate varies appreciably 
and the trend reverses at times. In 18 


Figure 2. Effect of drying and exposure at 
summer humidity conditions on capacitance 
and dissipation factor of small motor insulation 


caused a 1,000 to 1 decrease. In analyz- 
ing measurements made at room tempera- 
ture these variations must be recognized. 

Accelerated test data for motor A with- 
out rotor or end bells in the 100 per cent 
humidity test chamber are given in Table 
Ill. After a few days dissipation factor 
and capacitance increased to the point 
where readings could not be obtained. 
The insulation resistance decreased stead- 
ily with time of exposure to well below 
one megohm, and the process seems to 
be an extension of the rate and the degree 
observed at ambient humidity. 

A number of used motors which had 
been in storage for years were tested. The 
dissipation factors were between 30 and 
45 percent. Motor insulation appears to 
absorb moisture to this extent under 


Figure 3 (right). 5 
Insulation resistances 


normal conditions of storage in summer, 
and this effect has been observed on idle 
generators. New and used motors do 
not appear greatly different unless in the 
time element involved following a drying 
treatment. 

Further moisture-exposure tests were 
made on the four motors after redrying. 
Figure 3 shows the insulation-resistance 
data. 


Curve A—Stator only as in Table ITI. 
Cuve B—Retreated stator with a different 
varnish, 


Curve C-—Same as A, but enclosed and with 
synthetic tubing leads to eliminate lead 
leakage. 


Curve D—Retreated stator with a different 
varnish immediately after drying. 


The motors were exposed at high humid- 
ity for 71 days, and insulation resistances 
decreased steadily and consistently. Dis- 
sipation factors also indicated similar 
absorption with time, but readings were 
less consistent in the later stages of the 
test. 

Curve A, Figure3, duplicates the similar 
test of Table III rather well. By com- 
parison, C shows that enclosure retarded 
absorption materially. Better varnish 
treatment in cases B and D did likewise 
and this result agrees with statistical serv- 
ice data. Improved results have been ob- 
tained under some service conditions with 
additional and special varnishes. These 
protective measures influence the insula- 
tion state reached in a given time. 

For part of the test, a voltage of 115 
and later 230 volts, 60-cycle, was applied 
between the windings and iron of stator 
A, Figure 3. When this voltage was 
removed, the insulation resistance 
dropped from a 0.4-megohm level to 
0.08 megohm. No improvement occurred 
on application of the voltage, but further 
depreciation was prevented. The evi- 


dence but further study of 


is meager, 


of small motors in 


humidity - condition- 


ing chamber 
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Figure 4. Relation between dielectric strength 
and insulation resistance on capacitors in 
moisture-exposure tests 


the value of keeping some voltage on in- 
sulation to ground under adverse moisture 
conditions seems warranted. Unfortu- 
nately, this measure is not readily appli- 
cable to intercoil insulation. 

The process of moisture absorption 
appears to be reversible. If the insulation 
is dried or even stored in a heated room, 
recovery is appreciable and rather rapid. 
The motors were dried between the tests 
of Table III and Figure 3 apparently 
without affecting later performance. 
Table IV gives readings on the stators 
three days after completion of the tests 
of Figure 3. Insulation resistances and 
dissipation factors, in spite of dielectric 
breakdown tests in the meantime, indi- 
cate appreciable drying has occurred at 
room temperature. The rate depends 
again upon the varnish treatment. The 
problem resolves into avoiding the appli- 
cation of voltage when the insulation is in 
a weakened condition. 


Dielectric Strength 


The real criterion of suitability for 
service is the dielectric strength of the 
insulation. Moisture reduces dielectric 
strength appreciably. 

Following the exposure tests of Figure 
3, dielectric breakdown tests were made 
on the four motors as in Table IV. The 
dielectric test for new motors of this class 
is twice normal plus 1,000 volts for one 
minute. Two of the stators, A and C, 
were below this value following the 
moisture exposure tests. However, the 
poorer one held 1,000 volts for one min- 
ute, which leaves a little margin over 
operating voltage in spite of severe test 
conditions. The motors operated at 
100 degrees centigrade and 125 degrees 
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ONE MINUTE 60 CYCLE HOLD VOLTAGE 


| 0.1 0.0! 400 


centigrade for two years stood a 2,000- 
volt momentary test after each year of 
operation. - 

Maximum 60-cycle test voltages held 
for one minute between motor windings 
and frame for different values of insula- 
tion resistance are given in Figure 7. 
The points at or above 4,000 volts are for 
new stators, and other points are follow- 
ing different times of exposure to mois- 
ture. The curve is drawn near the lower 
limit of the points. Since the points are 
the highest voltages held for one minute, 
and failures occurred at the next highest 
200-volt step, the curve is of the nature 
of a minimum breakdown voltage curve, 
although a larger number of tests prob- 
ably would modify it some. There is a 
fairly definite relation between insulation 
resistance and dielectric strength for 
these fractional-horsepower motors. 

The capacitors used for dielectric 
breakdown tests have three layers of 
about 0.0005-inch paper insulation and 
are rated at 220 volts alternating current. 
Operating volts per mil are much higher 
than in motors, and very little moisture 
can be tolerated. Samples were exposed 
at high humidity, and a few were re- 
moved periodically and tested for insula- 
tion resistance, dissipation factor, and 
dielectric breakdown strength, as shown 
in Figures 4 and 5. There seems to be 
reasonably good correlation between the 
electrical test values and _ dielectric 
strength. For insulation resistances be- 
low 100 megohms or dissipation factors 
over two per cent, the dielectric strength 
is reduced appreciably to rapidly ap- 
proach a minimum value. 

These capacitors also illustrate another 
phenomenon on the insulation-resistance 
test. Figure 6 shows the variation of 
insulation resistance with time for a 
sample after 24 days exposure. The in- 
sulation resistance first increased with 
time as in the usual dielectric-absorption 
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Figure 5. Relation between dielectric strength 
and dissipation factor on capacitors in mois- 
ture-exposure tests 


curve. After about 20 seconds the trend 
reversed, and after 40 seconds insulation 
resistance decreased rapidly with time, 
possibly because of a partial breakdown 
at 500 volts direct current. Recovery 
was rapid and fairly complete, however, 
as the sample immediately afterwards 
held 600 volts 60-cycle for one minute and 
failed at 700 volts. The same action has 
been observed on motors after appreciable 
exposure. Davis and Leftwich? have 
reported the decreasing resistance section 
of the curve due to defective auxiliary 
apparatus on generators. These effects 
accent the desirability of observing insu- 
lation resistance at one minute or more 
after voltage is applied. A 10- or 15- 
second Megger reading would not have 
disclosed the situation. Also, in this 
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Figure 6. Insulation resistance on capacitor 
after considerable exposure to moisture 
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case at least, a weakened condition of the 
insulation was detected at a d-c voltage 
of one-half the 60-cycle crest breakdown 
value. These capacitor samples are 
small, however, and results may have 
been affected by heating or drying at test 
voltages. 


Nondestructive Tests Versus 
Dielectric Strength 


The purpose of these investigations is, 
of course, to determine if nondestructive 
insulation tests can be relied upon to 
indicate the suitability of apparatus for 
service. 

_ 1. There is some possibility of establishing 
; for some devices minimum insulation-re- 
sistance values which will assure satisfactory 


operation in spite of appreciable moisture 
absorption. 


2. The test methods studied do not appear 
dependable for revealing insulation defects 
other than moisture absorption, with the 
possible exception of dirt. 


To establish satisfactory limits for 
motors considerable dielectric-strength 
data and field experience should be avail- 
able. Table IV and Figure 7 indicate, 
however, that insulation strength de- 
creases with insulation resistance. This 


Table III. Measurements Between Windings 
and Frame on Stator A Exposed to 100 Per 
Cent Humidity 


Days Per Cent 
Ex- Dissipation 
posed Megohms uut Factor 
0... .200,000 PQS Gass nee 1.2 
Ly. 5,100 Re Oa en feel 
158 Be cee TO Wg LOO. Sey ete 38 
Gin. 3.1 8,200. ae > 50* 
dine 1.5 TATOO We oereese > 50 
Lee OF O885. 014, 800K. oe. > 50 
a ores QUA Daa 4, 200) Fe = oie > 50 
Peo 0.31 S000 isc. > 50 
Sis a) 0.21 SOLOO0 Rare > 50 


* These and later readings are very approximate as 
the bridge could not be balanced for dissipation 
factors greater than 50 per cent. 
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Figure 7. Relation 
between dielectric 
strength and insula- 
tion resistance for 
fractional-horse- 
power 110- to 440- 
volt motors 


Figure 8 (right). Temperature 

and humidity chart from metal 

test chamber with water in the 
bottom 


is recognized in the standards formula 
for expected values at 75 degrees centi- 
grade. However, the 75 degrees centi- 
grade temperature implies some drying. 
Also, no time of voltage application is 
specified, which leaves to chance the 
inclusion of such effects as in Figure 6. 
Recognizing the greater usefulness of 
tests at room temperature, it may be 
reasonable to suggest from Figure 7 the 
following tentative limits above which 
small motors can be safely connected 
to the line for starting. The values in 
column 2 are for room temperature at 
one minute after the d-c test voltage is 
applied. A ratio of about 60 has been 
given® for values taken at 25 degrees 
centigrade and 75 degrees centigrade. 

These limits allow some margin of 
safety at operating voltages, but wide 
variations in practice are to be expected. 
Appreciably lower values may not prove 
fatal in many cases. Also, where mois- 
ture is not involved, these limits may give 
no assurance of a satisfactory condition. 
In fact much higher values often may be 
associated with poor insulation. Addi- 
tional experience on many sizes, types, 
and makes of motors under service condi- 
tions will be necessary for proper deter- 
mination of the best values, but the possi- 
bility of establishing useful limits seems 
good. 

The detection of defects under dry 
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conditions is very uncertain for low- 
voltage apparatus. The roasted condi- 
tion of the motor operated at 125 degrees 
centigrade was not apparent from the 
electrical tests. Columns 5 and 6 of 
Table IV also are significant. The motors 
had been tested to failure, but insulation 
resistances of 1,950, 2.1, and 3.2 megohms 
were later recorded for three of the wind- 
ings. Motor C did show evidence of the 
previous breakdown by its zero insula- 
tion resistance. It is quite likely that 
higher insulation test voltages would 
reveal the condition in all cases. There 
is always danger, however, in testing at 
voltages much above operating voltage, 
or the nondestructive feature of the test 
may be sacrificed. The failure of insula- 
tion-resistance test voltages to disclose 
punctures or breaks in insulation is readily 
understandable. The smallest air gap 
will not sparkover much below 1,000 volts 
in short-time tests. The separation 
between conductor and core in small 
motors may be approximately 0.05 inch, 
and the dielectric breakdown of air for 
this distance usually exceeds 4,000 volts 
with creepage strengths somewhat lower. 
Consequently, if the puncture or fault 
is clean and reasonably dry, the insulation 
resistance may be affected to a small 
extent. The strength of the insulation 
between turns, coils, and phases in motors 


also is important. However, under 
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Table IV. Tests on Stators After 71 Days at 
100 Per Cent Humidity as in Figure 4 
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service conditions, the testing of this 
insulation becomes rather elaborate. In 
a well-proportioned machine test results 
on the ground insulation should be in- 
dicative of general machine condition. 


Conclusions 


1. Test codes and standards should recog- 
nize the effect of dielectric absorption on 
insulation resistance and suggest a time such 
as one minute after voltage application for 
observing resistance. 


2. For industrial apparatus rated below 600 
volts room-temperature measurements of 
insulation resistance seem more practical 
than 75 degrees centigrade values. 


3. Aging of insulation due to temperature 
is difficult to detect from electrical measure- 
ments. These indicators are sensitive to 
moisture absorption and possibly to dirt. 
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4. There appears to be a very good correla- 
tion between insulation resistance as af- 
fected by moisture and dielectric strength 
for fractional-horsepower motors. 


5. Minimum room-temperature values of 
insulation resistance for starting small 
motors are suggested. 


Appendix |. Humidity-Condi- 
tioning Chamber 


In seeking a convenient testing cycle at 
high humidity, several combinations of 
cooling and exposure to moist atmospheres 
were tried. It was difficult to reproduce 
conditions, and considerable handling of the 
samples was required. The simple expe- 
dient of a closed metal can with water in the 
bottom finally was adopted. For most of 
these tests the chamber consisted of a can 
about 30 inches in diameter by 36 inches 
high with a deep lid about 34 inches in 
diameter. The assembly was turned upside 
down from the usual position, and the lid 
filled with water. Thus, the water provided 
both a seal and a source of moisture. A 
pinhole permitted entrapped air to escape. 
No temperature or humidity controls were 
provided other than the laboratory heating 
system which determined ambient condi- 
tions. Both temperature and humidity in 
the chamber were recorded with a Friez 
Hythergraph, Figure 8. These records indi- 
cate a saturated atmosphere most of the 
time, but this depended to a certain extent 
upon the condition of the samples and the 
frequency of opening the chamber. The 
time to return to maximum humidity after 
opening the chamber varied with ambient 
humidity and the duration of the open con- 
dition. Times from 0.5 to 20 hours were ob- 
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served. This might be a handicap in short- 
time tests, but a fan should speed evapora- 
tion appreciably. For insulation tests of 
this kind, this type of chamber provides a 
simple, convenient, and easily reproducible 
conditioning atmosphere. The correlation 
to actual service conditions with wide 
temperature and humidity changes and 
moving air is problematical, but that, rela- 
tively, it is a very severe moisture-exposure 
test seems certain. One possible case which 
it does simulate closely occurs where water 
penetrates and remains inside an idle en- 
closed machine for some time. 
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wes a new device is developed, it 
‘ is usually adopted and proved by a 
particular industry. In the case of the 
ignitron rectifier, the first applications 
were in transportation service in mines 
and railways. The apparatus and its per- 
formance in these early installations were 
discussed by the present authors in an 
earlier Institute paper.! 

Since that time, as superior operating 
tesults became known, the ignitron has 
been taken up by other industries, most 
notably the electrochemical. In excess of 
2,000,000 kw of ignitron-rectifier units have 
been purchased by that industry alone. 

This paper will discuss primarily in- 
: stallations for large power concentrations. 


_ Rectifier Description 


Continuously pumped ignitrons have 
been applied to date in four sizes which, 
in six tube assemblies, have continuous 
ratings at 600 volts of 1,250, 1,667, 2,500, 
and 4,000 amperes. The 2,500-ampere 
size has been applied in greatest numbers. 
However, larger-capacity sections are de- 
sired for the larger installations, and so 
the majority of applications have been 
made using 12-tube assemblies. One de- 
sign will be described. 

The ignitron consists of a drawn steel 
tank with a removable cover plate into 
which is mounted the main anode bushing 
and anode shield terminal. Graphite con- 
tinues to be the best material for rectifier 
anodes. The deionizing shield surround- 


ing the anode and the baffle between 


anode and cathode pool, are also of 
graphite. This latter is insulated from 
the cathode to avoid the transfer of the 
cathode spot from cathode to baffle when 
high overloads are applied. The tank it- 
self constitutes the cathode connection, 
since the ignitron does not require an in- 
sulated cathode and is bolted to the cath- 
ode copper bars on the assembly frame. 
The ignitor is mounted on a rod which 
passes through the side of the tank, in- 
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sulated with a glass-kovar seal, on a flex- 
ible steel diaphragm. The mounting is 
provided with adjusting screws to enable 
adjustment of the ignitor from outside the 
tank. Solder-to-porcelain vacuum-tight 
seals are used for the main anode bushing. 
A small solid radiator terminal holds this 
seal within safe temperatures. The low- 
current potential connection to the anode 
shield is made through an aviation spark- 
plug-type bushing with a soft copper 
gasket. The vacuum-sealing gaskets in 
the separable joints of the ignitron proper, 
are enameled aluminum wire rings. Such 
gaskets operate satisfactorily at 100 de- 
grees centigrade, and the rectifier operat- 
ing temperature is objectionably close to 
the maximum safe temperature of rubber. 
However, rubber constitutes a most con- 
venient, and semiflexible vacuum-tight 
gasket which requires relatively low 
flange pressures. Therefore, the external 
connections to the vacuum pumping sys- 
tem, which operate at low temperatures, 
are gasketed with iron-band-protected 
rubber. The ignitron tanks are cooled by 
water passed through copper tubing, 
which is wrapped around the tank and 
coiled on the bottom, and attached to the 
steel with high-temperature solder. Ad- 
ditional cooling in high-current units is 
provided by an internal steel coil. This 
latter is copper-lined to keep all water- 
cooled surfaces nonferrous. Figure 2 
shows a cross-section view and Figure 3 
an external view of the ignitron described. 

A rectifier unit consists of a trans- 
former and the rectifier assembly or as- 
semblies to which it is connected. In 


Figure 1. Typical 

ignitron installation 

in an electrochemical 
plant 
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large-capacity units two or more rectifier 
assemblies may be connected to one trans- 
former. 

Rectifier circuits which efficiently uti- 
lize the circuit elements are arranged for 
three-phase operation and require mul- 
tiples of three anodes. (Smaller installa- 
tions are sometimes made with four 
anodes.) Where the power required can 
be supplied with six anodes, or where the 
small number of units suggests section- 
alization to insure continuity of service, 
ignitrons are assembled in groups of six 
on one frame with one cooling system and 
one vacuum pumping and measuring sys- 
tem. However, in large stations where 
ample reserve is maintained with one unit 
out of service, simplicity dictates assem- 
bly in units of 12. Such assemblies have 
proved most convenient, and one vacuum 
system of any established type has proved 
adequate. The individual tanks are con- 
nected to the vacuum pumps through a 
vacuum manifold with water-cooled 
pumping connections which condense the 
mercury vapor and prevent transfer of 
mercury between tanks and pump. On 
these large-size tubes an individual vac- 
uum valve on each facilitates both manu- 
facture and repair, since vacuum tightness 
can be checked more easily by isolating 
smaller elements. Also, one ignitron 
tube can be treated as an entity and 
interchanged with a spare in less than one 
hour if necessary. 

Figure 4 shows an assembly of 12 igni- 
trons rated at 5,000 amperes d-c in the 
600-volt class. 

All high-power rectifiers have been 
water-cooled. Since cooling water which 
is pure enough to pass through the rec- 
tifier jackets or tubes directly without 
trouble due to corrosion or scale is rarely 
available, practically all installations are 
provided with heat exchangers which 
permit the recirculation of pure or treated 
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water. Where ample raw water is availa- 
ble, water-to-water exchangers are used, 
otherwise water-to-air. Water-to-air ex- 
changers are nearly always used in mining 
installations where cooling water is either 
not available or of very low quality. 


Unit Excitation and Control 


The earlier types of ignitron excitation 
which utilized thyratron tubes have 
mostly been superseded by circuits which 
generate impulse voltages by means of 
saturating reactors.2 These circuits uti- 
lize static devices throughout: that is, 
simple transformers, reactors, capacitors, 
and Rectox rectifiers. The excitation- 
circuit devices, together with the vacuum- 
and cooling-system control, are mounted 
in a cabinet located on or near the recti- 
fier. Two types of phase control of rec- 
tifier voltage have been used. One is a 
mechanical phase shifter, which consists 
of a wound-rotor induction machine. The 
excitation power is passed through this 
phase shifter, and the phase position of 
the excitation impulses is determined by 
the position of the phase-shifter rotor in 
its stator. This position is controlled by 
a fractional-horsepower motor through a 
gear box. The other type of phase control 
utilizes some form of phase-shifting net- 
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Figure 2. Cross-section view of an ignitron 


A—Anode radiator 
and terminal 
B—Radiator cover 
C—Asbestos seal 
D—Shield entrance 
bushings 
E—Tank valve 
F—Nacuum manifold 
connection 
G—Tank-cooling 
coils 
H—Anode head 
!—Tank cover 
J—Anode shield 
kK—Internal cooling 
coils 
L—Mercury cathode 
M—Cathode-cool- 


ing coils 
N—lgnitor tip 
O—Queartz ring 
P—Beffle 
Q—Quartz tube 
R—Steel plate 


S—Copper insert 
T—Terminal block 
U—Ignitor entrance 
assembly 
V, Vi—Aluminum 
seal rings 
W—Thermal switch 
X—Anode plate 
Y—Anode porcelain 
Z—Solder seal 
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work in which the phase position of the 
excitation impulses is determined by the 
value of direct current in a saturable re- 
actor. This latter is a less simple circuit 
than the mechanical phase shifter, but is 
more flexible where automatic control 
is required, and speed of response is im- 
portant. Particularly, the phase-shifting 
network is suitable for use with a simple 
type of voltage regulator such as the 
Silverstat. Also, such a network may be 
designed to include voltage-compensating 
characteristics which will maintain full 
energy excitation through supply-line volt- 
age fluctuations as great as 50 per cent. 


Station Layout 


The simplest and most economical ar- 
rangement of apparatus in a rectifier sub- 
station is to effect a straight line run of 
power from the a-c supply source to the 
d-c bus. Figures 5 and 6 show a typical 
multiunit station layout having this ar- 
rangement. Incoming power is delivered 
to the a-c bus, from which it is distributed 
to the ignitron units through a-c switch- 
gear, the transformers, ignitrons, and 
d-c switchgear to the d-c bus. 

For the layout shown, the a-c switch- 
gear is in a small masonry house separated 


from the main building. This can be 


Cox, Jones—Ignitron Rectifiers 


modified to supply conventional outdoor _ 
switchgear, outdoor metal-enclosed gear, — 
or the switchgear can be located in the 
substation building. 

All transformer equipment is outdoor. 
It can be supplied with conventional 
bushings and an overhead bus structure 
or with potheads and an underground 
system as shown. - 

The substation building is’ designed 
with two levels, the ignitrons and all © 
necessary operator control devices being 
located on the operating floor with some _ 
accessories and low-voltage switchgear in 
the basement. All of the equipment in the 
basement is operated electrically from the 
operating floor and is completely super- 
vised by indicating devices. ‘The op- 
erator need go to the basement only for 
routine inspection and maintenance. In 
many installations the low-voltage switch- 
gear is also located on the operating floor. 

Some detail equipment which is re- 
quired for station operation and which 
can be located as convenient is not shown. 
This includes the station battery with 
charging equipment, the degassing equip- 
ment, air-cleaning apparatus if required, 
storage space for spare parts, and equip- 
ment for supplying power to plant auxil- 
iaries which are not associated with the 
substation equipment. 

Building appurtenances such as stair- 
ways, lavatory facilities, and operators’ 
office must be included. A repair bay 
should be provided and is usually at the 
end of the substation building. Crane 
facilities and sufficient head room for 
untanking the largest transformer will 
determine its construction. An enclosed 
clean room for working on interior parts 
of rectifiers is desirable. 


Rectifier-Switching Arrangements 


Figure 7 shows the several switching 
arrangements which are in use for ignitron- 
units, rated at 8,000 to 10,000 amperes 
in the 600 d-c voltage class, in multi- 
unit substations. 

Circuit A is used when the concentra- 
tion of power supply to the a-c bus is 
heavy, a condition which would require 
large rupturing capacity and costly oil 
circuit breakers in the rectifier-unit cir- 
cuits. Circuit breakers are not used, the 
primary switching consisting of a discon- 
necting switch which is capable of opening 
the transformer magnetizing current. 
For this arrangement, primary faults 
must be opened by the switchgear in the 
supply circuit or circuits to the plant. 
This involves a plant shutdown until the 
faulty circuit is isolated by operation of 
the disconnecting switches. 
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Figure 3. A single ignitron 


The secondary switching consists of 
high-speed anode switchgear with one pole 
_ for each phase of the transformer second- 
ary. 

High-speed switching, which will limit 
the d-c rise in the average circuit in the 
order of one-third cycle, on a 60-cycle 
basis, is essential for large multiunit sub- 
stations. At the time of arc back, all 
normal units will contribute direct cur- 
rent to the arc back in the form of reverse 
current. This current increases rapidly, 
depending upon the inductance of the cir- 
cuit, and must be limited by the switch- 
gear to a value which the switchgear can 
open successfully and without undue 
maintenance. It is also advantageous to 
limit the stresses on the other equipment 
involved in the circuit, particularly the 
transformer. 

When an arc back occurs, the sound 
anodes of the ignitron assembly in which 
the arc back has occurred will supply 
current to the faulty anode. This feed 
to the arc back is in addition to the back 
feed from other ignitron units and is a 
short circuit, through the arcs involved, 
on the transformer secondary. This fault 
must be suppressed by opening the a-c 
supply to the transformer or by opening 
the faulty circuit between the transformer 
and the ignitron. 

For arrangement A, the a-c supply to 
the transformer cannot be opened except 
by operation of the circuit breakers in the 
station supply. High-speed anode switch- 
ing is therefore essential for this circuit. 
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The anode circuit breakers are sup- 
plemented by semihigh-speed cathode 
circuit breakers. These are used for nor- 
mal switching operations. Disconnecting 
switches permit maintenance of the cir- 
cuit breakers with a minimum of equip- 
ment out of service. 

Circuit B is quite similar to circuit A 
except that an oil circuit breaker is used 
in the circuit to the rectifier transformer. 
Its use can be justified if the rupturing 
sapacity required is 500,000 kva or less. 
The circuit breaker is then relatively in- 
expensive, and each ignitron circuit is 
completely independent of the others. 
Circuit faults are isolated without plant 
shutdown. Complete flexibility of con- 
trol is afforded. 

The use of high-speed anode switching 
makes it unnecessary to open the oil cir- 
cuit breaker at the time of are back. When 
two ignitron assemblies with independent 
low-voltage switching are connected to 
one transformer, the anode switching can 
be opened for one assembly without affect- 
ing operation of the other. This is of ad- 
vantage in keeping maximum conversion 
equipment in service. The importance of 
this feature is in inverse ratio to the num- 
ber of conversion units normally con- 
nected to the common d-c bus. 

Circuit C is similar to circuit B except 
that the high-speed anode switches are 
omitted, and a high-speed cathode circuit 
breaker is substituted for the semihigh- 
speed switch. With this arrangement re- 
verse current to the ignitron assembly 
which has arced back is opened with high- 
speed action by the cathode circuit 
breaker. Arc quenching may be used to 
suppress the alternating fault current by 
preventing the normal anodes of the as- 
sembly from firing to the faulty anode. 
This latter operation is effective in ap- 
proximately one cycle. 


Figure 4. An as- 
sembly of 12 igni- 
trons rated at 5,000- 
amperes d-c in the 
600-volt class 
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Circuits B and C are therefore com- 
parable except for two features. Arc 
quenching sometimes fails in its opera- 
tion, It is about 90 per cent effective, 
When it fails in operation, the oil circuit 
breaker must be opened by overload 
relay action to remove the fault. Anode 
switching is fully operative, but there 
are six poles of switchgear to maintain, 
compared to a single larger pole of cathode 
switching. The choice between the two 
circuits is therefore dictated by considera- 
tion of maintenance, as compared with 
an occasional failure to segregate the 
fault in a half-rectifier unit. 

If arc quenching is not used in connec- 
tion with circuit C, the primary oil switch 
unit must be interlocked with the cathode 
switch so that the entire unit is removed 
from service in the event of arc back, and 
the a-c short circuit endures for the open- 
ing time of the oil switch, which is usually 
of the order of six cycles. 

Circuit C makes use of anode discon- 
necting switches in the anode circuits to 
each ignitron section, one assembly mak- 
ing up one half of the unit. These are 
used so that each assembly can be isolated 
for maintenance and continue with normal 
operation of its associated assembly. 
They are also of use during the degassing 
process. 

For those installations, where a com- 
plete unit outage is permitted because of 
spare capacity available, the anode dis- 
connecting switches can be omitted. This 
applies equally to circuits A, B, or C. 
Circuit D shows a circuit similar to cir- 
cuit C except with the anode disconnect- 
ing switches omitted. 

For single rectifier units connected to 
an isolated d-c bus, the switching can be 
simplified. The unit may consist of one 
or more ignitron assemblies. For either 
condition, the amount of current in- 
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Figure 5. Plan view of a 
typical multiunit ignitron 
substation 
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volved in an arc back is relatively small 
and semihigh-speed switchgear, having a 
speed of 11/2 to 2 cycles to current limi- 
tation, is adequate for the service. This 
may be arranged, as in the case of high- 
speed switching, either with anode break- 
ers with suitable cathode switching to 
provide the type of operation desired, or 
with a cathode breaker and an oil switch 
in the primary of the transformer. Re- 
verse current for a single assembly is ap- 
plied from the electrolytic cells. Where a 
cathode switch is used, an arc back is 
cleared by the opening of the cathode cir- 
cuit breaker, followed by the opening of 
the oil circuit breaker. 

For double assembly units, are quench- 
ing can be used in combination with the 
semihigh-speed cathode switches to se- 
cure continuous half-unit operation. 
Anode disconnecting switches can be 
used for half-unit isolation. Circuit E 
illustrates the use of semihigh-speed 
cathode switching with a single rectifier 
unit supplying an isolated d-c bus. 

A special use can be made of high-speed 
anode switching for a single rectifier unit 
supplying an isolated load where con- 
tinuous service is an absolute essential. 
The switch can be arranged to trip indi- 
vidual poles and on reverse current only. 
At the time of are back only the pole of 
the circuit involved in the fault will open, 
the other anodes continuing in service. 


Station Voltage Control 


The great majority of industrial loads 
requiring one- or two-unit stations, par- 
ticularly including electric railways, are 
adapted to the normal five to eight per 
cent shunt characteristic of noncontrolled 
rectifiers, and phase control of voltage 
is not necessary. For applications re- 
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quiring flatter voltage regulation one of 
the phase-control systems is used, and 
there is a wide choice of control method 
ranging from manual to fully automatic. 
Provision can be made for flat compound- 
ing and cross compounding where more 
than one unit on a busisinvolved. Where 
small units are located at the end of a low 
power feeder, which frequently occurs in 
mines, and the a-c supply to the rectifier 
transformer varies widely, some form of 
compensator is used which by phase con- 
trol reduces the voltage at the lighter 
loads and provides a nearly flat voltage 
regulation from light load to full load. 
Above full load the uncompensated volt- 
age regulation prevails. 

In large stations containing many units 
on one bus, phase control is always used, 
primarily to compensate for minor dif- 
ferences in impedances and equalize the 
currents in the several units, and to pro- 
vide small variations in voltages as de- 
sired for the load. However, since large 
phase-control angles adversely affect 
power factor and increase harmonies, the 
minimum feasible transformer tap is used 
in order to keep the phase control angles 
at a minimum. 

Some electrolytic processes require com- 
mercially constant d-c voltage both for 
initial starting up of the process and for 
normal operation. For these processes 


be | 


the rectifier transformers to compensate 
for seasonal voltage changes and for elec- 
trolytic cell aging. 

Ignitor or phase control of d-c voltage 
can be used for short times in the range re- 
quired to pick up and drop load due to 
switching requirements. It can also be 
used for small voltage adjustments over 
long-time periods of operation. 

Some processes require a wide voltage 
range for initial starting up in order to 


re 


no-load voltage taps can be provided in 


condition new cells in small blocks, but: 


require essentially constant voltage for 
normal operation. For these processes 
an autotransformer of sufficient capacity 


to supply all rectifiers connected to one or 


several cell strings in parallel can be sup- 
plied. No-load taps are supplied in suffi- 
cient number and range to accomplish the 
desired results. Phase voltage control can 
be used for d-c voltage adjustment be- 
tween taps. It is not however recom- 
mended for long-time wide-range voltage 
adjustment, because of its adverse effect 
on power factor and the increase in har- 
monics. The autotransformer can also 
be used for permanent adjustment of 
d-c voltage when required by a change in 
production schedule. 

Some processes require that constant 
current be maintained through the elec- 
trolytic cells, even though the cell char- 
acteristics change frequently and rapidly. 
For these processes an autotransformer 
having a combination of no-load taps and 
tap changer under load can be supplied. 
The no-load taps cover the extreme volt- 
age range required. The tap changer 
under load is arranged to boost or buck 
the d-c voltage from any no-load tap 
and in the range required. The tap points 
of the tap changer under load equipment 
can usually be made sufficiently fine so 
that phase control of voltage is not re- 
quired between taps or, if used, will be 
limited to a few per cent in range. In 
many processes the fluctuations in voltage 
required to maintain constant current are 
so great and frequent as to require pro- 
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igure 7. Schematic diagrams showing various 
arrangements of rectifier switching 


hibitive frequency of tap ‘changing or 
arge phase-control angles. In these proc- 


esses attempts to maintain constant cur- 


rent have been abandoned. 

At some locations the demand clause in 
power contracts is such that high power 
rates must be paid over a year, because 
of a short-time swing over the demand 
ceiling. For processes where load con- 
ditions fluctuate rapidly and over consid- 


erable range, auttotransformers with tap 


_changer under load equipment can be used 
to secure constant kilowatt input to the 


cells. 


This will insure maximum produc- 


tion at the normal power rate, or at mini- 


mum power cost. 


Where more than one 
station is supplied from the same source, 
the averaging effect of the several stations 
proves most advantageous in reducing 
the number of tap changes required. 

Regulation for either constant direct 
current or for constant kilowatt input can 
be made full automatic. 

Figure 8 shows an autotransformer 
connected to the rectifier a-c bus, the 
voltage of which can be varied according 
to the electrolytic process requirements. 

Since the loads on the large station 
busses constitute practically a short cir- 
cuit for a single rectifier unit, it is not 
possible to place units on the bus individu- 
ally at full voltage following a station 
outage. Where the power-supply system 
is large with respect to a single station, it 
has been general practice to connect all 
units to the power supply and the a-c bus 
without excitation, and then to close the 
excitation contactors to all units simul- 
taneously with a master control switch. 
Where the supply system is not adequate 
for this procedure, station phase control 
of voltage is used. In this method of 
starting a station following an outage, all 
units are connected to the bus, either 
simultaneously as above or individually, 
but with phase-delay angles set uniformly 
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to limit the station current to a value sat- 
isfactory to the supply system or to the 
rectifier unit, depending on the proced- 
ure. The phase-control angles are then 
advanced uniformly on all rectifier units 
to increase load to normal at a rate satis- 
factory to the supply system. 


Telephone Interference 


A rectifier of any type creates har- 
monics which are present in the a-c and 
d-c systems to which it is connected. 
Harmonics may be induced in telephone 
lines, which are adjacent to the power 
systems, under certain conditions of ex- 
posure. The telephone-interference prob- 
lem becomes of increasing importance 
when the rectifier load is a large percent- 


DISCONNECT ING 
DEVICE 
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posures are probable, and the telephone 
interference problem must be considered. 

The number of phases at which any 
rectifier unit can operate cannot be 
greater than the number of anodes of the 
unit, Small units having only six anodes 
are therefore limited to six-phase opera- 
tion, which operation is used as a base for 
rectifier harmonic consideration. Since 
the power involved in a six-anode unit is 
usually small, the influence on exposed 
telephone lines is usually too small to be 
important. As the number of phases in 
multiples of six are increased, some of the 
base harmonics of six-phase operation are 
cancelled, the cancelling increasing as 
the number of phases is increased. Opera- 
tion of rectifier units in the higher multi- 
phase relationships, therefore, decreases 
the telephone-interference problem. 

A single rectifier unit of 12 anodes can 
be supplied from a transformer which is 
wound to give 12-phase operation. It is 
not economical to build a transformer for 
a higher number of phases in a single 
unit. For those installations which have 
a large number of rectifier units, multi- 
phase operation can best be secured by 
operating the units out of phase with 


Figure 8. Schematic 
diagram showing a 
typical multiphase 
rectifier arrangement 


DISCONNECTING DEVICE 


OIL CIRCUIT BREAKER 


AUTOTRANSFORMER 


VARIABLE VOLTAGE A-C BUS 


BREAKER 
ipecet SHIFTING 
TRANSFORMER = 
10° LEAD ioe LAG 10° LEAD 10°LAG 
RECTIFIER 
TRANS- a < 
FORMER 
| PRIMARIES > 4 6 


age of the system load in the exposure 
areas. 

For electrolytic plants, the d-c load is 
concentrated, and exposures between the 
d-c circuits and telephone lines are easily 
controlled. When the a-c power is trans- 
mitted a considerable distance, or is sup- 
plied from a power network system, ex- 
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respect to each other, and in symmetrical 
relationship. 

The combination of two six-phase rec- 
tifier units having a delta and a star-con- 
nected transformer primary respectively 
will result in over-all 12-phase operation, 
since the delta and star are inherently 30 
degrees out of phase. The supply volt- 
age to a transformer can be shifted any 
number of degrees desired by the use of a 
phase-shifting transformer.4~* A com- 
bination of delta and _ star-connected 
transformers together with phase-shifting 
transformers can be used to effect any 
degree of multiphase relationship, the 
only limit being the number of rectifier 
units available. For phase arrangements 
greater than 12, the usual inductances 
in the circuits are sufficient to provide 
interphase action. 
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Figure 8 shows the circuits to the pri- 
maries of six rectifier units to secure 36- 
phase over-all plant operation. 

To secure maximum benefit from multi- 
phase operation, the units should be of 
equal rating, and their loads should be 
balanced. The impedance of the phase- 
shifting transformer will result in some 
unbalance in load between duplicate 
phase-shifted and unshifted rectifier units, 
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unless some compensation is used. Com- 
pensating reactors can be connected in the 
circuits of the unshifted units, or trans- 
former action can be built into the phase- 
shifting transformer which will compen- 
sate for its voltage drop at any given load. 


The benefits secured from multiphase 


operation are not in direct proportion to 


the increase in the number of phases. 
The proportionate benefit from each suc- 
ceeding increase in number of phases 
drops off sharply beyond 30- to 36-phase 
operation. Experience to date has demon- 
strated that 36-phase operation gives 
satisfactory operation from the telephone 
interference standpoint in most cases. 


Recently the rectifier load on some 
power systems has become quite large and 
concentrated. Spot loading of three or 
more 36-phase operating groups may be 
encountered. For these special cases the 
sheer magnitude of the higher harmonies 
may be sufficient to warrant an increase 
in multiphase operation. Also a resonant 
condition for one or more of the higher 
harmonics may exist. For these installa- 
tions operation at 72 or 108 phases may 
be of advantage. 

If one rectifier unit, in a multiphase set- 


+ 
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up, is taken out of service, an unsym- 
metrical phase relationship will result. 
Under this condition, a 36-phase arrange- 
ment gives just as good results as any 
higher-numbered phase arrangement. Op- 
eration with one unit out of service gives 
reasonably satisfactory results. 


By the use of base units connected 6 or 
12 phase, as required, and by phase shift- 
ing of associated units, the combinations 
shown in Table I can be secured. 
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Synopsis: After preliminary development 
work systematic laboratory tests, closely 
simulating service conditions, were started 
in 1934 leading towards final development 
and improvement of gas-filled cable. The 
first full-size field installation of gas-filled 
cable was placed in service in 1988. The 
results of this work up to that time were 
4 summarized in an AIEE paper presented at 
: the winter convention, January 1939. The 
present paper will deal with progress made 
pate then, covering the whole range of 
voltage ratings from 10 kw to 188 ky, 
: divided as follows: low-pressure gas-filled 
cable systems 10 ky to 40 kv, operating at 
_ gas pressures from 10 to 15 pounds per 
_ square inch; medium-pressure systems 
_ 40 kv to 69 kv, operating at gas pressures 
from 24 to 40 pounds per square inch; 
high-pressure systems 69 ky to 138 ky, 
operating at gas pressures from 150 to 200 
pounds per square inch. 


FTER preliminary development work 
on gas-filled cable a systematic series 
of long-time load-cycle endurance tests 
closely simulating service conditions were 
started in our laboratories the early part 
of 1934, and this work is still being con- 
tinued. These laboratory studies have 
proved a most useful guide in perfecting 
gas-filled cable design. They have al- 
lowed the best selection of materials and 
the most effective methods of construc- 
tion and treatment in the factory. 

The first full-sized field installation of 
gas-filled cable was placed in service dur- 
ing the summer of 1938, and since then 
quite a number of 15-kv and 27-ky in- 
stallations have been added. Our first 
and only published report on gas-filled 
cable was in the form of an AIEE paper 
presented at the winter convention, Janu- 
ary 1939.1 It seems an appropriate time 
to summarize advancements made since 
then and co-ordinate with field experience. 

Gas-filled cable has, we believe, tech- 
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nical merit and advantages that more than 
warrant its full development. It is simple, 
economical and of small size. Pressure 
control means uniform control of both 
insulation and sheath behavior with a 
lesser chance of trouble with either. The 
self-supervising feature is also important 
in view of the fact that most cable troubles 
come from sheath defects or damage. 
Finally, compound migration troubles are 
eliminated and there is no concern about 
the contour of the cable run within tensile 
strength limits of the cable itself. Three- 
conductor, 27-kv low-pressure cable has 
been in operation for several years past in 
vertical tunnel shafts from 200 to 250 feet 
in depth without trouble of any. kind, nor 
has bleeding of compound from the in- 
sulation been any more than experienced 
in ordinary runs, 


Three-Conductor Cable 


The theory, characteristics, and design 
of gas-filled cable were dealt with in some 
detail in the previous paper and will not be 
repeated here. Briefly, this cable is 
similar in materials and construction: to 
ordinary solid-type paper-insulated cable, 
with the exception that longitudinal gas 
feed channels are provided for uniform 
gas-pressure maintenance and control. 

For low- and medium-pressure use at 
voltages up to 69 kv the three-conductor 
shielded type represents the most prac- 
tical and economical form, since the gas 
feed channels can be conveniently located 
in the three triangular filler spaces that 
are otherwise merely waste space. Figure 


Figure 1.  Three- 
conductor gas-filled 
cable 


Cut-away view 
showing details of 
construction 
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1 gives a good idea of the cross-sectional 
construction, Two of these gas channels 
are of open steel spiral construction, giving 
free access to the insulated and shielded 
conductors. The third is a solid-wall 
metal tube filled with dry nitrogen gas and 
sealed off at each end before treatment of 
the cable length. The function of this 
tube after installation will be described 
later. Vacuum drying and impregnation 
treatment in a large tank before leading is 
exactly like that for solid-type cable. 
After impregnation and while still hot, 
the compound is drained from the tank, 
being displaced by dry nitrogen gas. The 
reel of cable is left in the heated tank until 
all surplus compound drains off, and only 
that compound held by capillary attrac- 
tion in the dense cross section remains. 
The channels and outer surfaces present a 
clean appearance, but it is surprising how 
much of the heavy compound is held in the 
cable cross section by capillary balance, 
the finished cable being almost as well 
filled as a solid-type cable. 

The treated reel length is then removed 
to a nitrogen-filled chamber directly be- 
hind the lead press, and the lead sheath is 
applied under a flow of nitrogen. After 
end sealing the gas pressure is raised to 
approximately ten pounds per square inch 
and the cable length is maintained at this 
pressure until ready for splicing in the 
field. Before the shipping reels leave the 
factory, the whole cable cross section is 
saturated with nitrogen to the same pres- 
sure as that in the gas feed channels. 
This assists greatly in maintaining uni- 
form cross-sectional pressure in service. 


Joints 


Figure 2 shows a typical three-conduc- 
tor joint. With exception of the tube in- 
sert connections and the fact that the lead 
casing is filled with nitrogen gas instead 
of compound, the joint is the same in con- 
struction and size as an ordinary solid- 
type cable joint, the same method of con- 
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necting, stepping, reinforcement taping, 
and shielding being followed. In prepara- 
tion for splicing, the cable pressure is 
lowered to about two pounds, the ends are 
cut, conductors are spread, and temporary 
sponge rubber seals are applied in the 
crotch to prevent appreciable loss of gas 
during the remaining operations. The 
total time is the same as that required for 
constructing a corresponding solid-type 
joint, because of the fact that the time 
required for the special operations is com- 
pensated for by the absence of compound 
filling operations. 


Pressure Control 


The primary function of the solid-wall 
metal-tube insert in the cable is to furnish 
a by-pass path for gas flow at low points 
or dips in the cable run, where slugs or 
surplus compound might gradually form 
in the open channel spaces during initial 
periods of heavy load, or during hot sum- 
mer weather. The method of intercon- 
necting the tube ends and the joint cas- 
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Figure 3. Compound-filled terminal 


For 34.5-kv three-conductor gas-filled cable 
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ing, as shown in Figure 2, traps any com- 
pound that might enter the casing and as- 
sures a free gas path and uniform pressure 
control over the entire length of the cable 
line. The lead sleeve casing in Figure 2 
is shown eccentric, the bottom part acting 
as a sump for collection of surplus com- 
pound. It has since been found that an 
ordinary concentric casing gives sufficient 
capacity for this purpose. 

Field tests have shown that, with the 
help of this tube insert, pressure can be 
controlled at one terminal end only of 
lines up to about ten miles in length. A 
pressure relay at this one location will give 
an indication of gas leakage at any point 
in the line, and when loss of pressure oc- 
curs, additional gas can be injected from 
an emergency storage cylinder until the 
leak can be located and repaired. Where 
feasible, pressure control and relaying at 
both ends of long lines is desirable but 
not necessary. 

The first installations of gas-filled cable, 
as described in the previous paper did not 
have the metal-tube insert. They are op- 
erating successfully, and there has not 
been any special trouble in maintaining 
and controlling pressure. It is necessary, 
however, or at least advisable, to ‘blow 
out” the cable line periodically with ni- 
trogen gas and make sure the channels 
are sufficiently clear of compound to 
transmit gas pressure. The metal-tube 
by-pass insert has completely eliminated 
this need, and there is no question but 
that it simplifies and facilitates operation 
of three-conductor gas-filled cable. 


Terminals 


A typical soft compound-filled, three- 
conductor terminal for gas-filled cable is 


’ 
4 


shown in-Figure 3. The only departure 
from terminals used with solid-type cable — 
is the semistop gasket assembly in the 

base to prevent the soft compound from 
draining into the cable channels. A 

simpler all-gas-filled terminal without the 

semistop has been developed for use at 15 

kv and is also being made available for 

higher voltages. Both kinds of terminals 

are also designed as single-conductor and 

spreader three-conductor types. The 

only difference between terminals for low- 

pressure cable (10 to 15 pounds per square » 
inch) and medium-pressure cable (25 to 

40 pounds) is that heavier porcelains are 

required to withstand the higher gas pres- 

sure. 


Single-Conductor Cable | 


The gas feed channel for single-con- 
ductor cable is in the form of an annular — 
space directly under the lead sheath as 
shown in Figure 4. Copper tape with 
stamped button spacers centers the in- 
sulated shielded conductor and gives sup- 
port to the lead sheath. In comparison, 
the single-conductor cable is less eco- 
nomical than the three-conductor type, be- 
cause of the increased over-all diameter 
and cost this channel construction repre- 
sents. In the three-conductor cable de- 
creased insulation thickness and smaller 
diameter compensate for the extra gas 
operations in the factory and field, and 
the costs of low-pressure gas-filled cable 
and of solid types are practically the same. 
Single-conductor gas-filled cable, how- 
ever, is of higher cost than equivalent 
solid type, because of the channel require- 
ments mentioned. 

This handicap is not very serious and 
in large sizes the low-pressure single-con- 
ductor type has found a useful place as 
primary station tie cable where numer- 
ous vertical runs are encountered. Ab- 
sence of compound migration troubles 
and the self-supervision obtained from 
gas pressure control justify the extra cost. 
Another promising field for single-con- 
ductor gas-filled cable is for power trans- 
mission at 46 kv and above, when the 
load per circuit is too large or the ducts 
too small for three-conductor cable. In 
this voltage range medium-gas-pressure 
operation is more economical than low 
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phe discussed later, and 
ua ins reduction i in insulation thick- 
gained thereby offsets the added 
cost of the gas channel construction. 

he solid-wall tube insert for by-pass- 
compound slugs, such as used in three- 
uctor cable, is not well adapted to 
ngle-conductor construction. This is 
largely overcome by paralleling the gas 
connections at each manhole of the three 
ables making up one circuit, assuring 
three separate paths for gas flow. The 
possibility of slug formation in all three 
cables at one time, in one location, and 
of sufficient number to materially inter- 
fere with pressure control, is remote. 


Tonization as a Function of Gas 
Pressure 


A fundamental and important char- 
acteristic of gas-filled cable is clearly 
_ brought out by a study of Figure 5, which 
shows ionization starting voltage as a 
function of gas pressure. A similar curve 
iy given in the previous paper. At that 
Bime we had only limited test data above 
{ “15- -pound pressure and little operating ex- 
perience to confirm test results. Addi- 
tional data obtained since allow a more 
accurate construction of this curve. It 
closely simulates operating conditions, 
in that it shows ionization voltage after 
capillary balance has been reached from 
load-cycle bleeding of compound, but 
before appreciable wax formation from 
test overvoltage has started. 

The earlier paper described the self- 
extinguishing and self-healing properties 
of wax formation in voids of gas-filled 
cable. Further work has fully confirmed 
this important characteristic. It offers an 
additional factor of safety at those loca- 
tions along a cable line where ionization 
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might get started. Expressed in another 
way, gas pressure and ionization control 
automatically eliminate weak spots and 
result in more uniformity along the cable 
length. This in turn allows working volt- 
age stress to more safely approach the 
critical voltage stress at which cumula- 
tive ionization deterioration occurs. 

The whole question is whether the 
measured ionization starting voltage 
curve in Figure 5 represents this critical 
voltage stress or something less. From all 
of the evidence we have obtained it is the 
writer’s opinion that the curve in Figure 5 
is something less than critical stress and is 
actually a goal representing an upper limit 
of safe working stress in service to be ap- 
proached as more experience is gained. 
There are sound reasons for believing this. 

First, it has already been proved by 
numerous long-time load-cycle tests at 
pressures up to 30 pounds per square inch 
that gas-filled cable remains stable at 
stresses considerably higher than repre- 
sented by the curve in Figure 5. In- 
stability and ultimate breakdown on these 
tests occur at stresses from 40 to 70 per 
cent above the Figure 5 curve. 

Admittedly, laboratory tests on rela- 
tively short lengths are not conclusive in 
establishing safe working stresses until 
confirmed by field experience. We have 
had confirming field experience of this 
kind with low-pressure gas-filled cable 
operating during recent years at an aver- 


Figure 6. Load-cycle endurance at ten pounds 
pressure 


Three-conductor gas-filled cable of standard 
construction, with exception that inner 50 per 
cent of insulation wall consists of three-mil 
paper tape instead of usual six-mil tape. Total 
insulation thickness 0.200 inch 
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age gas pressure of 12 pounds per square 
inch and an average voltage stress of 65 
volts per mil. Reference to Figure 5 will 
show that at this pressure ionization starts 
at 80 volts per mil. Accordingly, operat- 
ing experience has been at a stress only 15 
volts per mil less than this, No service 
failure has yet occurred in gas-filled cable 
systems and no signs of ionization have 
been detected, One length of 27-kv cable 
was removed for test after one year of 
service. It was found to be in perfect con- 
dition. This experience would indicate 
that there is a good margin of safety and 
some latitude for increasing present work- 
ing voltage stress. It also indicates that 
uniformity in the field is under the same 
control as obtained in the laboratory on 
relatively short test lengths. 

Additional proof that the initial ioniza- 
tion versus pressure curve in Figure 5 rep- 
resents a stable and safe condition is 
found in the characteristic behavior of all 
representative lengths on long-time load- 
cycle tests. Typical test results of this 
kind are shown in Figures 6 and 7. Fig 
ure 6 is a chart of the whole test in terms 
of power-factor stability. Three load 
cycles per day from room temperature to 
80 degrees centigrade were applied, and 
the gas pressure was maintained at ten 
pounds per square inch cold and not more 
than 14 pounds hot. It will be noted that 
the test was started at 85 volts per mil, 
only slightly above the ionization-pres- 
sure curve in Figure 5. After stabiliza- 
tion was assured, the voltage was in- 
creased, and these steps were repeated 
until final failure occurred after 16 days 
at 120 volts per mil. 

Figure 7 gives power-factor voltage 
curves on this length as measured ini- 
tially and at the end of each voltage step 
shown in Figure 6. Initial ionization at 
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Figure 7. 


Showing increase in ionization starting volt- 

age, due to wax formation, during different 

stages of the load-cycle endurance run charted 
in Figure 6 


ten pounds pressure, and before wax 
formation started, was at 77 volts per mil 
(equivalent to 80 volts per mil at 12 
pounds). Wax formation in the voids ex- 
tinguished ionization, and the cable be- 
came stabilized in about 70 days, thereby 
automatically raising the ionization volt- 
age to a value equivalent to endurance 
test voltage. This was repeated each 
voltage step until the last, 120 volts per 
mil. Here the stress was too high for the 
saine kind of stabilization to take place 
and failure occurred in a few days. 

If space would allow, additional evi- 
dence could be offered showing that the 
initial ionization-pressure curve in Fig- 
ure 5 is a useful and practical guide in the 
design of gas-filled cable systems. Insula- 
tion thickness is an important economic 
factor in such design work. Figure 5 
gives a direct indication of insulation 
thickness requirements as a function of 
working gas pressure. Increase in pres- 
sure means lesser insulation and a smaller 
cable. The higher the operating voltage, 
the greater the saving that can be made 
in this direction. There is an opposing 
economic factor however. An outer coy- 
ering must be provided to withstand this 
gas pressure safely, and the higher the 
pressure the greater the cost of this coy- 
ering. 

Due consideration of these factors has 
led to a logical division of gas-filled cable 
design into three classifications or types, 
low-pressure, medium-pressure and high- 
pressure systems. Each covers a certain 
economic range of voltage ratings. All 
three have in common the general char- 
acteristics of gas-filled cable that have 
been described. Individual features, 


722 TRANSACTIONS 


limitations, and advantages will be briefly 
outlined. 


Low-Pressure Systems 


The low-pressure system has already 
been described. Aside from comments 
on pressure control and leak location, only 
those features that distinguish it from 
medium- and high-pressure systems will 
be dealt with here. 

Experience has shown that the normal 


gas capacity of the cable itself and the | 


joint casings are sufficient to limit pres- 
sure fluctuations from daily load cycles 
to a range of only one to two pounds. It 
accordingly is not necessary to use auto- 
matic pressure-regulating equipment. 
Seasonal adjustment of pressure by hand 
to an average working value of 12 pounds 
per square inch is all that is necessary. 
An ordinary high-pressure storage cylin- 
der of nitrogen is connected permanently 
to the cable line through a reducing 
valve. An exhaust valve is also pro- 
vided. Normally these valves are closed. 
During routine inspection and for pur- 
poses of compensating for seasonal tem- 
perature changes, average working pres- 
sure is readjusted to 12 pounds by hand 
manipulation of these valves. If there is 
a loss of pressure in between these pe- 
riods, a pressure relay gives notice when 
minimum pressure drops to ten pounds. 
Leak location is not a difficult matter. 
It is first necessary to disconnect the ex- 
ternal tube by-pass fittings on the joints 
(Figure 2) at intervals along the line and 
insert pressure drop reading devices. A 
graph plot of these readings indicates the 
point of leakage. The pressure-reading 
devices can be left permanently con- 
nected if desired, and one utility prefers 
this. Obviously, small slow leaks require 
a longer time and closer readings to locate 
than do fast leaks. It is entirely feasible 
to make these lines gas-tight initially and 
maintain this tightness without trouble. 
It has already been shown that safe 
working voltage stress and insulation 
thickness are governed by working gas 
pressure. This, in turn, is determined by 
allowable hoop stresses in ordinary single 
lead sheath that will avoid sheath fatigue 
and hold creepage and expansion within 
negligible limits. The question of stress 
limits for lead sheath has been a subject of 
laboratory and field study for a good 
many years. A safe and conservative 
average working stress limit of 125 pounds 
per square inch of sheath cross section for 
copper bearing lead is well established. 
Low-pressure gas-filled cable has the 
same standard sheath thicknesses as solid- 
type cable. On this basis and with a 
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stress limit of 125 pounds an average 
working gas pressure of 12 pounds per 
square inch results. Present day insula- 
tion thicknesses for low-pressure gas- 
filled cable represent an average working 
voltage stress of from 65 to 68 volts per 
mil, Reference to Figure 5 will show this. 
practice safe and conservative. 

These design limitations of insulation 
and sheath properties and dimensions 
automatically set the economic voltage 
range. This range is found to be from 
10 kv to 40 kv, and within these limits 
the cost of three-conductor low-pressure. 
gas-filled systems is closely comparable 
to the cost of other available types of cable 
systems. 

Above 40 kv, the proportionate saving 
in insulation thickness makes increased 
working gas pressure economical in spite 
of increased cost of the outer covering. 
This leads logically to medium-pressure 
systems for moderately high-voltage 
service. 


Medium-Pressure Systems 


In theory and principle there is no dif- 
ference at all between low- and medium- 
pressure systems. Accessory design and 
methods of manufacture, installation and 
operation are the same for both types. 

There are two available methods of 
sheath construction that allow increase of 
gas pressure: 


(a). Reinforced sheath. 


(b). Substitution of a special alloy sheath 
of greater creep strength than ordinary 
single sheath. 


Both constructions are fully developed. 
The latter is economically the most prom- 
ising, but both will be dealt with. It 
would be well, however, to first consider 
results of long-time load-cycle stability 
tests at medium pressure. 

A typical test of this kind at 30 pounds 
pressure is charted in Figure 8. The 
three-conductor shielded-type cable used 
was of the same general construction and 
dimensions as that in Figure 6, having 
390,000-centimeter compact sector con- 
ductors and 0.200-inch insulation. For 
comparative test purposes this size and a 
length of 75 feet were standardized for all 
of our gas-filled cable tests, the details of 
which are given in the previous paper. 
Standard compound was used for impreg- 
nation. Strand shielding with paper- 
backed aluminum tape was also used. 
Further tests with and without strand 
shielding will be discussed later, but it 
will be said here that, as far as load-cycle 
aging tests on gas-filled cable are con- 
cerned, strand shielding appears to im- 
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part no special benefit. This is due to the 
fact that voids, ionization, and wax forma- 
tion are distributed uniformly in the butt 
spaces through the wall of insulation and 
do not concentrate at the conductor sur- 
face alone. 

Referring to Figure 8, the 30-pound 
load-cycle test was started at 110 volts per 
mil. According to Figure 5, this is the 
initial ionization starting voltage at this 

pressure. There were practically no signs 
_ of ionization or instability at this stress, 
So after 50 days test voltage was increased 
_to 125 volts per mil. Here, ionization 
was apparent but was extinguished after 
15 days because of wax formation. As 
soon as there was assurance of stability 
(40 days) the test voltage was increased 
to 135 volts per mil. The same method 
of stepping voltage was followed to the 
end of the chart, and it will be noted that 
self-healing action and stability were re- 
tained at 165 volts per mil. This length is 
still on test at the present writing at 180 
volts per mil without signs of failure. 

It might be concluded from this test 
that an increase in gas pressure from 10 
to 30 pounds imparts more benefit than 
would be indicated from the initial ioni- 
zation curve in Figure 5. However, it ap- 
pears sounder to use Figure 5 as a guide 
and not depend too greatly on self-healing 
action in service, even though it does ap- 
pear more pronounced as gas pressure is 
increased. On this basis we believe that 
an operating stress in the order of 95 volts 
per mil is safe and conservative at 30 
pounds pressure. 


Double Reinforced Sheath 


Double reinforced sheath was de- 
veloped originally for oil-filled cable and 
has been used extensively for this pur- 
pose. There have been a good many 
years of experience at pressures from 30 
to 40 pounds per square inch. Based on 
this, we believe 40 pounds a safe top 
limit and have designed medium-pressure 


OcTOBER 1942, VoL. 61 


PT A 
mnBBs 
q 
B 


BEEBE 


If 


TEST VOLTAGE- 
135 V/M (27kv) 


av 
Ned 


Phy 
Vaal 
ae 
rie 


eT - 
EQO'N/ 42" (eae ® || 
20 30 0 10 20 30 400 10 
DAYS ON LOAD CYCLE ENDURANCE 


gas-filled cable with this type of sheath for 
an average working pressure of 35 pounds 
and an operating voltage stress of 100 
volts pér mil. The economic voltage 
range is from 40 kv to 69 kv. 

The double reinforced sheath consists 
of treated paper and copper tape rein- 
forcement, sandwiched between inner and 
outer sheaths. The cost is higher than 
that of ordinary single sheath. Insulation 
reduction from increased gas pressure 
does not fully compensate for the in- 
creased cost of sheath. Accordingly, the 
cost of this type of three-conductor 
medium-pressure cable is higher than that 
of equivalent single-sheath oil-filled cable. 
Accessories however are simpler and less 
costly, as are also installation operations 
in the field. The result is that over-all 
costs of the two types of cable systems are 
not far apart. 


High-Creep-Strength Alloy Sheath 


From the beginning we have appreci- 
ated the economic possibilities of sub- 
stituting an alloy sheath of higher creep 
strength than ordinary copper-bearing 
lead sheath. The requirements are ex- 
acting and proved difficult to attain. 
Such an alloy must retain all of the de- 
sirable and proved properties of copper- 
bearing lead, plus a sufficient increase in 
long-time creep strength to allow a real 
increase in working gas pressure. The 
requirements to be met are: 


(a). At least twice the long-time creep 
strength of copper-bearing lead at operating 
temperatures. 

(b). A reliable source of supply at reason- 
able cost. 

(c). Readily adapted to sheath-extrusion 
methods in the factory. 

(d). Equally resistant to corrosion, vibra- 
tion, bending movement, and aging. 


Out of a number of possible lead alloys 
investigated in recent years the calcium 
alloys of lead are the most promising, and 
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Figure 8. Load-cycle endurance at 30 pound 
pressure 


Three-conductor gas-filled cable of standard 

construction, with exception of aluminum- 

paper strand shielding. Total insulation thick- 

ness 0.200-inch. No-load nitrogen gas pres- 

sure held at 30 pounds per square inch 
(medium pressure) 


one in particular, Asarco, will be dealt 
with. Figure 9 shows the long-time room- 
temperature creep strength in comparison 
with that of copper-bearing lead. Similar 
tests at 100 degrees centigrade plainly 
show that increasing the average working 
stress from 125 pounds per square inch 
for copper-bearing sheath to 250 pounds — 
for Asarco sheath is conservative. 

This means that with present standard 
thicknesses of single lead sheath we can, 
by using such an alloy, safely increase 
working gas pressure to 24 pounds per 
square inch, and corresponding voltage 
stress to 90 volts per mil, a gain of 38.5 
per cent in voltage rating as compared 
with low-pressure systems operating at 
12 pounds pressure. For the same volt- 
age rating the corresponding reduction in 
insulation thickness is 27.5 per cent. 

Regardless of whether the object is to 
increase voltage rating or to decrease in- 
sulation thickness for a fixed voltage 
rating, this theoretical gain is more ot less 
offset by the increased costs of the special 
alloy sheath, and the lower the voltage 
rating the more pronounced this offset 
becomes. Because of these conflicting 
cost factors, this particular type of 
medium-pressure system, like the double 
reinforced sheath system previously de- 
scribed, has an economic voltage range 
from 40 kv to 69 kv. Below 40 kv the 
saving practically disappears, and much 
above 69 kv, such as 115 kv for instance, 
three-conductor cable becomes too large 
to be economical. There is some promise, 
however, in single-conductor cable above 
69 kv. Here the extra cost of the gas- 
channel construction and the alloy sheath 
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are offset by the other savings described. 
All told, we consider this simplified 
medium-pressure gas-filled cable system 
an important technical and economic 
advancement. 


High-Pressure Systems 


Full advantage of high-gas-pressure 
operation can only be realized by drawing 
the cable into a welded steel pipe line. 
There have been proposals to use a spe- 
cial double lead sheath construction, rein- 
forced for both radial and longitudinal 
strains, to operate at gas pressures as high 
as 200 pounds per square inch. This type 
of cable could be installed in underground 
ducts in the usual manner which is an ad- 
vantage, but there appear to be two seri- 
ous obstacles. 


1. The over-all cost is too high in com- 
parison with other available cable systems, 
such as oil-filled, medium-pressure gas-filled, 
and, finally, high-pressure gas-filled drawn 
into steel pipe. 


2. There is serious doubt of the feasibility 
of safely operating reinforced sheath at such 
high pressures, because of mechanical 
strength limitations. 


There is no doubt but that the steel pipe 
construction is the most promising, and 
further comments will be confined to that 
type. 

When properly designed and installed, 
the high-pressure gas-filled pipe cable 
system is technically sound and eco- 
nomically attractive. It has however cer- 
tain limitations that should be fully 
understood. 
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Figure 9. Creep properties of lead sheath 


Long-time room-temperature creep properties 
of Asarco and copper-bearing lead sheaths. 
Tests started two weeks after extrusion 
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Figure 10. Load-cycle endurance at ten 
pounds pressure 


Standard three-conductor gas-filled cable with 

aluminum-paper strand shielding similar to 

cable in Figure 8. No-load nitrogen gas 

pressure held at ten pounds per square inch 

(low pressure). Cable still on test at 100 
volts per mil 


1. It is best adapted to direct burial in 
open ground, and its use is likely to be 
limited in this country where most under- 
ground systems are in congested areas under 
paved city streets. The standard duct and 
manhole construction (and the flexibility it 
represents) has always proved superior to 
direct burial under these conditions. 


2. Important high-voltage tie-line loads 
in this country are growing, and the steel 
pipe cable system is not well adapted to 
handle extra heavy loads. It is not possible 
to use one single-conductor cable per pipe, 
with three pipes spread out to better dissi- 
pate copper losses. Instead, it is necessary 
to draw all three cables into one congested 
pipe, and the losses to be dissipated are 
much higher, In this respect pipe cable is 
no different from other forms of three- 


TEST VOLTAGE 85 “Au 


100 “Ar 


\ 


conductor cable and has the same well- 
recognized limitations for economic loading. 


These aspects of the problem are not 
so important in Europe where the prac- 
tice of direct burial in open ground is 
commonly followed, and where load re- 
quirements per circuit average consider- 
ably less than in this country. 

From an insulation standpoint gas- 
filled pipe cable offers no difficulties. Ref- 
erence to Figure 5 will show that at 200 
pounds pressure initial ionization is at 180 
volts per mil. 
healing properties from wax formation at 
high pressures, we could probably oper- 
ate with safety at an average stress not 
less than 160 volts per mil. In this respect 
high-pressure gas-filled cable, like oil- 
filled cable, has greater 60-cycle strength 
than can be utilized. Insulation thick- 
nesses for oil-filled cables are based on 
transient voltage requirements rather 
than normal 60-cycle rated voltage stress, 
and the same thing should hold for high- 
pressure cable. Accordingly, insulation 
thicknesses for high-pressure gas-filled 
cables are the same as for oil-filled cable, 
the rated voltage stress varying from 
126.5 volts per mil at 69 kv to 142.5 volts 
per mil at 138 ky. 

Figure 5 shows that this range of volt- 
age stresses is conservative at 200 pounds 
pressure. In fact, the gas pressure could 
be reduced to 125 pounds without danger. 
There is no particular object, however, in 
not taking advantage of the higher factor 
of safety offered by the higher pressure, 
since standard steel pipe will withstand 


Load-cycle endurance at ten 
pounds pressure 


Figure 11. 


Standard three-conductor gas-filled cable ex- 
posed to room air for eight hours before 
applying the lead sheath. Chart shows the 
effects of oxygen absorption during exposure 
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In view of greater self- | 


covering for corrosion protection, joint 
| eeves, compressed air test for leakage, 
and so forth will not be dealt with here, 
since this practice is well-known and 
common to all of the various pipe cable 
systems, of which there is a number of 
installations in Europe and a few in this 


country, 
Sheaths Intact 


After the pipe is laid and ready to re- 
ceive the gas-filled cable, the remaining 
operations vary, depending upon whether 
the sheaths on the three single-conductor 
cables are left intact or stripped off as 
the cable lengths are drawn into the pipe. 
“Pach of these two methods has ad- 
vantages and disadvantages that need 
Tcareful balancing. For loads involving 
Fronductor sizes above approximately 
750,000 circular mils, short-circuited 
sheath losses become so great that there 
is not much choice, economy dictating 
‘removal of the sheaths. For lighter 
loads and smaller conductor sizes there 
is much to be said in favor of leaving the 
sheaths intact, but it is difficult to draw 
an exact dividing line between these two 
practices without studying each specific 
case. 


With sheaths intact the methods of 
manufacture, shipment, installation, and 
splicing are exactly the same as already 
described for low-pressure systems in 
ducts, the only difference being that the 
gas channel between the insulated 
shielded conductor and the sheath is 
smaller and simpler than shown in Figure 
4, an open spiral wrapping of fibrous tape 
being substituted for the metal button 
spacer tape. Each joint is enclosed in a 
wiped lead sleeve, and since splicing is 
done under a slow flow of nitrogen gas, 
the cable insulation is at no time exposed 
to air or moisture. It is not necessary to 
remove these impurities from the pipe 
until the whole line is completed. At that 
time the pipe can be dried out by short- 
circuit current in the conductors, or cir- 
culation of hot air, or both. Afterwards, 
the dry air in the pipe is washed out by 
nitrogen flow assisted, if desired, by draw- 
ing a rough vacuum first. These same 
operations can be done piecemeal on sec- 
tions of the line as completed if more con- 
venient, and the finished sections main- 
tained at a few pounds nitrogen pressure. 


After the whole line is ready, the outlet 
plugs in all lead joint sleeves are removed, 
the plugs in the outer steel sleeves re- 
placed, and the gas pressure is brought up 
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to 200 pounds. There is then an inter- 
connection of gas pressure between cable 
and pipe at every joint sleeve, Equalized 
pressure throughout removes any ques- 
tion of stress burden on the lead sheaths. 

If future repair work, involving replace- 
ment of cable lengths, is ever required, 
these operations are reversed. After 
lowering the gas pressure, outlet plugs in 
the lead joint sleeves are replaced, segre- 
gating the cable from the pipe. Replace- 
ment of cable can then proceed as with 
low-pressure cable, and at no time is the 
insulation exposed to moisture and air 
absorption. 


Sheaths Stripped Off 


In addition to elimination of sheath 
losses and reduction in conductor size 
obtained thereby, stripping of sheaths 
as the cables are drawn into the pipe has 
one other advantage. The removed lead 
can be salvaged. The disadvantages are: 


(a). An outer tape wrapping and copper 
armor are necessary for protection during 
pulling. 


(b). Extra cost and time for stripping the, 


sheath and protecting cable ends from ex- 
posure. 

(c). Pipe must be dried and filled with 
nitrogen gas piecemeal before the cable is 
pulled in, and pulling must be done under a 
slow flow of nitrogen. 


(d). Absorption of air and moisture during 
unavoidable exposure will increase dielectric 
losses and require a heavier wall of insula- 
tion than when sheath is left intact. 


(e). Future repair work without undue 
exposure of insulation is more difficult and 
complicated. 


Comparative over-all installed costs 
and service records will be required before 
the relative merits of these two high-pres- 
sure gas-filled cable systems can be finally 
decided in those cases where sheath losses 
are not a dominating factor. 


TEST VOLTAGE 


Figure 12. _Load- 
cycle endurance at 


85 “a 


Summary of Recent Test Results 


Space will not allow a detailed presenta- 
tion of all the test data obtained on gas- 


filled cable since the last published report. 


We have carried out comparative test 
studies of the best available impregnating 
compounds, particularly as a function of 
viscosity, the effects of paper thickness, 
strand shielding, exposure to air, further 
tests on the effects of gas pressure, and 
some impulse tests. Conclusions drawn 
from these tests will be summarized, and 
pertinent results relating to these con- 
clusions given, 


Thickness of Paper Tape 


The load-cycle test in Figure 6 repre- 
sents a test length of cable with the inner 
half of the insulation composed of three- 
mil paper tape instead of the usual six-mil 
tape. In all other respects this length 
was of standard construction. Theoreti- 
cally, thinner tape means smaller butt 
space voids and higher ionization voltage. 
Actually, Figure 7 shows that ionization 
voltage was no higher than usually ob- 
tained with standard six-mil tape. Stand- 
ard cable retains stability up to 100 volts 
per mil on load-cycle test at ten pounds 
pressure and ultimately fails at 110 to 120 
volts per mil. The thin paper length in 
Figure 6 lasted little if any longer, failing 
in 16 days at 120 volts per mil. In view 
of the fact that thin tape is more expen- 
siveand difficult to apply, tends to wrinkle 
more, and will not withstand cable bend- 
ing as well, it is doubtful that there is any 
benefit that overbalances these disad- 
vantages. 


Strand Shielding 


It has already been explained that the 
test length represented in Figure 8 had 
strand shielding, and the test results did 
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not appear to show any particular im- 
provement in ionization characteristics 
over equivalent cable without strand 
shielding. This is confirmed by load- 
cycle tests on an additional strand- 
shielded length as given in Figure 10. 
lIonization starting voltage is no different, 
and it required about the same length of 
time (75 days) to stabilize at 85 volts per 
mil as experienced with standard lengths 
without strand shielding. The length in 
Figure 10 is still on test at increased volt- 
age stress. Possibly ultimate results will 
show some benefit from strand shielding, 
but we haven’t found it yet. The ex- 
planation seems to be that ionization and 
wax formation occur more or less uni- 
formly in butt spaces throughout the in- 
sulation thickness and do not concentrate 
at the conductor surface alone. 


Exposure to Air 


To study the effects of casual exposure 
to air, as may happen in jointing opera- 
tions or through some accidental exposure, 
a standard test length was exposed to 
room air for eight hours after removal 
from the treating tank and before the 
lead sheath was applied. The results of 
load-cycle testing are given in Figure 11. 
It will be noticed that oxidation ac- 
tion from the absorbed air increased di- 
electric power factor at both room tem- 
perature and 80 degrees centigrade, the 
latter increasing to about double that 
met with in standard cable. It will also 
be noticed that in spite of this the cable 
had good endurance and was removed 
from test after 16 days at 120 volts per 
mil without failure. The conclusion can 
be drawn ‘that, within accumulative heat- 
ing limits, oxygen absorption does not 
affect voltage endurance but does ap- 
preciably increase dielectric loss and 
should be avoided for this reason. This is 
particularly true of medium- and high- 
pressure systems operating at the higher 
voltage ratings, where liberties with im- 


726 TRANSACTIONS 


purities and dielectric loss cannot be taken 
without serious risk. 


Effects of Compound Viscosity 


The series of tests we have carried on 
over a-period of years on gas-filled cable 
indicate rather definitely that there is 
such a thing as optimum viscosity of im- 
pregnating compound and that this is in 
the order of 100 Saybolt at 100 degrees 
centigrade, representing the standard all- 
mineral compound used for some time 
past. We invariably obtain better results 
with this compound than with either 
thinner or heavier impregnants, appar- 
ently for reasons explained in the previous 
paper. 

Check tests, that will not be given, 
again show that thin oil, such as used in 
oil-filled cable and having a viscosity of 
37 Saybolt at 100 degrees centigrade, 
drains too freely from the insulation and 
results in poor ionization and endurance 
characteristics. This is not surprising and 
would be expected from theoretical con- 
siderations. The surprising thing is that 
various high-viscosity compounds give 
from fair to very poor results, but even 
the best shows no advantage over the 
standard compound. 

We have tried about all of the recog- 
nized available types of high-viscosity 
compounds, including rosin mixtures, 
soluble synthetic mixtures, and hydro- 
genated oil, with viscosities from 200 to 
more than 1,000 Saybolt at 100 degrees 
centigrade. All of these, with one excep- 
tion, gave poor and unstable results that 
are hardly worth showing. The best con- 
sisted of standard compound mixed with 
1.5 per cent soluble synthetic to give a 
viscosity of 350 Saybolt at 100 degrees 
centigrade. An incomplete test on a 
length impregnated with this compound 
and designated as test length 8, was re- 
ported in the previous paper. The com- 
plete test is charted in Figure 12. The re- 
sults obtained from both an ionization 
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and voltage-endurance standpoint were 
about an average of those obtained with 
standard cable. 

Since extra high-viscosity compound 
means longer periods of impregnation 
treatment and drainage, and more diffi- 
culty in clearing out gas feed channels, we 
have, as yet, found no advantage that 
would justify its use. A study is also 
being made of preimpregnated tape and, 
so far, no advantages have been found 
that would justify its complications and 
greater cost. Further and more complete 
tests may modify this belief. 


Impulse Tests 


After 21 days of vertical drainage with 
75-degree-centigrade load-cycles five 
lengths of single-conductor, 1,000,000- 
circular-mils gas-filled cable, without 
strand shielding and having 0.203-inch 
insulation, were subjected to standard 
impulse breakdown at a gas pressure of 
ten pounds per square inch. An average 
breakdown of 367 kv was obtained with a 
deviation of 35 kv, or 9.6 per cent. This 
corresponds to an average stress of 1,300 
volts per mil, compared with an average 
of 1,680 volts per mil obtained on 33 
lengths of ordinary solid and oil-filled 
cable. On the basis of maximum stresses, 
which some prefer, the gas-filled cable 
gives 2,130 volts per mil, and the solid and 
oil-filled, 2,260 volts per mil. For all 
practical purposes it can be said that the 
results on all three types are closely the 
same. It is reasonable to assume that the 
same thing would hold for medium- and 
high-pressure gas-filled cable, since the in- 
sulation thickness is not under compres- 
sion and does not vary with pressure. 


Reference 
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« INCE the original development of 
@@ the a-c locomotive there have been 
many attempts to improve the locomotive 
control over that provided on early de- 


Control problems have come under 
three general classifications, namely: 


Voltage control for the acceleration of 
he locomotive. 


Functional control for adjusting various 
fields of the series traction motor for best 
commutating characteristics. 


3. Protective relays for protection of loco- 
“motive and traction motor circuits from 
grounds and faults of various kinds and 
for protection of the traction motor from 
_ overspeeding.!:3 


This article will deal only with the first 

of these problems, namely, those incident 
to the voltage control as it relates to 
accelerating a locomotive, with particular 
reference to a new development in the 
art. The new development is the resistor 
transition scheme for switching pre- 
ventive coils from one pair of transformer 
taps to the next. A résumé of service 
experience with a locomotive so equipped 
is also included. 

While the search for a better method 
of acceleration has proceeded, there have 
been no revolutionary improvements 
made, and progress has been essentially 
a refinement in design. 

Early locomotives made use of a switch- 
ing reactor, or preventive coil, in tapping 
from one set of transformer taps to the 
next, and the scheme which developed 
the most favor soon grew to what was 
termed as the three-preventive-coil notch- 
ing scheme. In this scheme two small 
preventive coils feed a large preventive 
coil which in turn feeds the traction motor 
circuits through its mid-tap. The two 
small preventive coils are connected to 
two sets of bus bars, which are connected 
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by tap switches to the main transformer 
taps in the correct order. Each tap 
switch carries one quarter of the load 
current in the normal design where all 
preventive coils have their mid-tap 
equidistant from the two end terminals. 
The three-preventive-coil scheme of con- 
trol has persisted and is now the scheme 
most generally used on a-c locomotives 
in the United States. 

During recent years several voltage- 
control schemes of a somewhat different 
nature have been devised and in some 
instances have been tried out in service 
both in this country and abroad, but by 
and large the schemes have met with 
indifferent success. Schemes tried in 
this country include one that has used 
a relatively large buck-boost transformer, 
the primary of which is controlled by 
means of light-current relatively high- 
voltage switches. When the large buck- 
boost transformer has been notched up 
to its maximum voltage, balanced voltage 
conditions are obtained. This condition 
is retained through suitable transfer 
switches while the buck-boost transformer 
is reconnected to repeat its operation 
from higher main taps on the main trans- 
former. Also there have been tried varia- 
tions of European schemes, utilizing a 
motor-driven switching device which 
shifts taps under zero voltage conditions 
obtained by mechanical interlocking 
with arcing switches designed to handle 
the arcing duty. 

Since the year 1937 improvements in 
the basic type of voltage control have 
been evolved which have consisted essen- 
tially of improvements in the contactors 
themselves, in the interlocks which are 
used to insure against faulty closure of 
switches, and further in an arrangement 
of auxiliary relays known as “‘sequence 
or interlocking’ relays which, while 
having increased the number of operating 
coils in the system, have materially de- 
creased the number of contacts in the 
control circuits and have given an over- 
all improvement in reliability and a de- 
crease in maintenance.* 

One of the chief sources of trouble that 
arises with notching schemes using indi- 
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vidual contactors is the failure of one of 
the individual contactors to open its 
circuit when it is called upon to do so. 
This may arise from purely mechanical 
reasons such as sticking of the operating 
rod or some of the mechanical portions 
of the contactor, or from electrical rea- 
sons, such as those which cause the tips 
of the contactor to weld together. Be- 
cause of the relatively large number of 
tapping contactors used upon a modern 
locomotive (24 in the case of the latest 
New Haven and Pennsylvania Railroad 
locomotives), the number of interlocks 
required for complete protection against 
contactor closure when a given contactor 
has stuck closed for some reason was 
prohibitive. For this reason previous to 
1937 it was considered sufficient to inter- 
lock positively against direct short cir- 
cuits upon a given preventive-coil bus, 
and no attempt was made to prevent 
possibilities of overvoltage being applied 
to a preventive coil. 

The development of the ‘sequence 
relay” made interlocking possible which 
would prevent the closure of any 
switch that might set up undesirable 
conditions after another had _ stuck 
closed. 


To protect against an unbalanced pre- 
ventive coil, caused by failure of a switch 
to close in sequence, differentially con- 
nected current transformers supplying 
a thermal-element preventive-coil relay 
are provided. The relay characteristics 
are so proportioned that on normal 
switching operations, in which one tap 
switch is opened before the next is closed, 
when the preventive coil is left con- 
nected with but one leg for a few cycles, 
the relay will not trip. Should a tap 
switch remain open, the heater element 
will cause the relay to trip after a definite 
time, opening the control circuits to all 
the tap switches. Such thermal relay 
connections also provide protection 
against internal failures of the small 
preventive coils, as such faults give rise 
to current in the same direction as excit- 
ing currents and thus are effective in 
tripping the thermal element. 

Operating experience prior to 1937 
developed the weakness of utilizing the 
three possible unbalanced preventive-coil 
combinations as the first three starting 
notches for a locomotive. Locomotives 
so connected gave rise to an abnormal 
number of preventive-coil failures directly 
traceable to operation on one of the un- 
balanced notches while starting heavy 
trains at difficult locations. Modern 
practice therefore prescribes the use of 
balanced connections for the coils for 
all notches—except possibly the first— 
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where currents are low, and there is no 
occasion for extended operation. 

The aforementioned improvements, 
however, do not progress greatly toward 
the solution of one of the first criticisms 
of the a-c locomotive, namely, the sag 
in tractive effort that occurs between 
notches. During the transfer from one 
notch to the next it is necessary that one 
end of a preventive coil be open-circuited 
completely before closing it in on the 
next higher voltage. 
the total load current for the particular 
preventive coil is carried through one half 
of its winding. This winding offers a 
considerable impedance to the load cur- 
rent because of the unbalanced ampere 
turns in the coil. 


During this time 


The impedance drop 
under these conditions becomes. the im- 
pedance that will be supported by the 
iron plus the series-air-core impedance 
of the turns in the coil itself. 
here, ‘‘series-air-core impedance’’ refers 


As used 
to the reactance of the coil, assuming no 


Figure1. Film 52—transition between notches 
8 and 9 without transition resistor 
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iron is present, asthe ampere turns 
available are many times in excess of 
those required to saturate the iron. 

The insertion of the high impedance 
of one half of a preventive coil in the 
circuit causes a very marked decrease in 
the voltage left to be applied to the 
traction motors, with the result that 
there is a considerable falling off of trac- 
tion motor current, and thus a sag occurs 
in the tractive effort. Under 
severe conditions of starting and running 
when operating at tractive efforts very 
close to the slipping point of the wheels, 


motor 


such a reaction during the notching is 
very undesirable. Most of the control 
schemes tried out or proposed have had 
as one of their main objectives the 
smoothing out of the notching character- 
between notches. Some of the 
schemes have been more or less successful 
in this, but for the most part they have 
introduced other undesirable features. 
Another characteristic inherent in the 
three-preventive-coil scheme is the pres- 
ence of the extremely high voltages which 
occur in the saturated preventive coil 
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undergoing tap change. Such voltages 
are of the ‘“‘peaked-wave”’ variety, main- 
taining for only a very small portion of 
each cycle and occurring when the cur- 
rent wave passes through zero. At the 
higher transformer voltages and motor 
currents the ‘‘peaked-wave’’ voltages 
have been measured which reach values 
of approximately twice the transformer 
secondary voltage. This comes about 
from the fact that all of the available 
voltage of the transformer secondary 
may appear across one half of the small 
preventive coil for an instant during 
each cycle, and the turn ratio of the 
preventive coil will twice this 
voltage between its two outside termi- 
nals. When it is considered that the 
nominal rated voltage of a small pre- 
ventive coil is of the order of 128 volts, 
and the secondary voltage of the main 
transformer may be of the order of 1,400 
volts, the amount of overvoltage that is 


? 


give 


applied to a preventive coil is extreme. 

The presence of peak voltages during 
switching operation imposes a very severe 
switching duty upon the tap switches, 
as is evidenced by the loud noise and sub- 
stantial arcing that usually occurs during 
operation of the tap switches under load 
conditions. 

The saturation of the preventive coil 
during the transition period has another 
effect which at times in the past has been 
the most important phenomenon in 
connection with the switching. This is 
the occurrence of a displaced current 
wave upon the closure of the next higher 
tap switch with the result that very high 
values of transient currents are obtained. 
If the value of air-core reactance in the 
preventive coil undergoing switching is 
not of sufficient magnitude, currents 
high enough to cause welding of the tap 
switch may occur. 

These extremely high currents come 
from: 


1. Trapped flux in the coil being switched 
due to the reversal of applied voltage. This 
phenomena is similar to that which some- 
times occurs when a power transformer is 
energized and the switch closure comes when 
the instantaneous applied voltage does not 
correspond to the flux in the transformer 
iron, with the result that a distinct ‘“‘bump”’ 
can be heard if one is in the immediate 
vicinity of the transformer. 

2. A component from the trapped flux of 
the large preventive coil which may be 
saturated, and many times is, during the 
switching operation. ; 


3. The proportionate share of the load cur- 


rent for the particular switch involved. 


Such currents do not occur every time 
a transition is made, as their occurrence 
is dependent upon the instant during the 
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current wave that the tap switch is closed. 
For this reason tests designed to record 
the maximum values of current obtained 
upon contactor closure have to be made 
recording the results of very large num- 
bers of closures. 

The surge current peaks have been 
measured as high as 23,000 amperes in 
a 1,250-ampere contactor, and possible 
values may be calculated with a reason 
able degree of accuracy. Preventive-coil 
air-core reactances are usually figured to 
limit these currents to around 12,000 to 
14,000 amperes, which seems to be a 
satisfactory’ value for the circuits and 
contactors involved. 

Most of the early difficulties with the 
three-preventive-coil scheme of control 
centered around the welding of the tap- 
switch contacts, as then it was not known 
what magnitude in surge currents would 
be obtained, nor what steps would have to 
be taken to limit these currents to satis- 
factory values. 

One of the suggestions made during the 
early days involved the connection of a 


432 Vrs 


resistor across the preventive coil to pre- 
vent the extreme amount of saturation 
which occurs in the coil. However, this 
Suggestion was not followed up as it ap- 
peared simpler and more helpful to con- 
nect special air-core reactances in series 
with the preventive-coil bus circuit to 
limit the flow of exciting current through 
the small preventive coils. While the air- 
core reactance coils were so connected as 
to limit the flow of exciting current, the 
arrangement was such that the effect of 
load currents was to balance out the re- 
actances of the coils. In later designs the 
reactance of the external coils was built 
into the preventive coils themselves so 
that the extra pieces of equipment are no 
longer required, 

In 1937, during the search for a better 
scheme of control, it was suggested that a 
resistor of proper ohmic value be con- 
nected across the terminals of the preven- 
tive coil that was open-circuited during 


Figure 2. Film 53—transition between notches 
8 and 9 with transition resistor 
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the transition. With this ¢cnnection, 
while the preventive coil was operating 
“one-legged” the current would divide 
properly and flow through the resistor to 
the preventive coil and then to the mo- 
tors. The value of resistance was deter- 
mined by the maximum current to be en- 
countered in the service of the locomotive 
and the designed voltage of the preven- 
tive coil, The voltage across the preven- 
tive coil at no time then would exceed its 
maximum designed value, and there would 
be no possibility of saturation of the coils. 


Early Experiments With 
Transition Resistor 


Such a scheme of connection was tried 
out upon the Pennsylvania Railroad in 
1937, on locomotive 4819, at which time 
oscillograms were taken which showed 
very clearly the results to be expected 
from such an arrangement. In addition 
to the currents and voltages recorded on 
the films, it was also possible to measure 
directly the torque of the traction motors 
involved so that the results of the sag in 
tractive effort during ordinary notching 
and the lack of a sag in tractive effort in 
notching with the transition resistor were 
definitely recorded. 

The drive from the traction motors to 
locomotive driving wheels is of the well- 
known spring cup type. In order to 
measure the motor torque, it was neces- 
sary only to provide an electric position- 
measuring device to indicate the deflec- 
tion of the drive springs and record the 
indications on one of the oscillograph ele- 
ments. When the spring constants are 
known, it is a simple matter thereafter to 
calibrate the indication of the element in 
pounds tractive effort. 

The tests were confined to observing 
the effects on one transition only, namely 
from notch 8 to notch 9. The resistor 
used was of very small physical size, being 
capable of withstanding the currents in- 
The tests 
were all made at standstill, as it was im- 
practical to measure the motor torque 
while the driving wheels of the locomotive 


volved for only a few cycles. 


were rotating. 

The first of the oscillograph films (film 
52) gives a record of the transition from 
notch 8 to notch 9 without the use of the 
resistor. Referring to film 52 (Figure 1) 
it will be observed that during the transi- 
tion the tractive effort fell from 8,700 
pounds per axle in notch 8 to 7,580 pounds 
per axle during the transition; the trac- 
tion motor current fell from 3,530 peak 
amperes per motor to 2,880 peak amperes 
per motor and then rose again to 3,900 
peak amperes per motor in notch 9 after 
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the transition was completed, this cur- 
rent corresponding to 8,910 pounds per 
axle as measured on the film. Also to be 
observed are the very high peaks in small 
preventive-coil voltage, which curve goes 
clear off the bottom edge of the film to a 
value impossible of determination. The 
rms value of the preventive-coil voltage 
for notch 8 is 43.5 volts, and for notch 9 is 
49.8 volts. 

Film 53 (Figure 2), taken immediately 
after film 52, with the transition resistor 
functioning, shows the very striking im- 
provement obtained. In this case the 
tractive effort per axle moved gradually 
from 11,180 pounds per axle to 11,900 
pounds per axle some time after the transi- 
tion was complete. The increase in trac- 
tion motor current was also gradual, rais- 
ing from 3,680 peak amperes in notch 8 to 
3,820 peak amperes during the transition, 
and then to 4,090 peak amperes after the 
transition was complete. The preventive- 
coil voltage is kept down to its normal 
value; the increase during the transition 
is only to 91 volts rms as compared with 
the nominal rating of the preventive coil 
of 128 volts. 

Pennsylvania Railroad locomotive 4819 
was subsequently equipped with a pair of 
resistors, a pair of resistor contactors, the 
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Figure 3. Transformer, pre- 
ventive coil, and resistor tran- 
sition circuits for. New York, 
New Haven, and Hartford 
Railroad locomotive. 0361 


necessary relays, and the controller modi- 
fications required for satisfactory opera- 
tion with the idea of obtaining road ex- 
perience with the scheme. 

The equipment was kept on this loco- 
motive for a considerable period, but as 
the railroad company was reluctant to 
permit its operation without the attend- 
ance of a manufacturer’s representative, 
only a very limited experience was ob- 
tained. During this period certain control 
difficulties were encountered which made 
the scheme of getting the resistor switch 
closed before the tap switch opened, and 
then opening the resistor switch after 
the next higher tap switch had closed, 
somewhat unreliable. However, there 
was a noticeable improvement in locomo- 
tive acceleration and a very marked re- 
duction in the amount of arcing on the tap 
switches, both in noise and the amount of 
visible arc, during the time the resistor 
transition equipment was working. 

The equipment was subsequently re- 
moved from Pennsylvania Railroad loco- 
motive 4819, and returned to the manu- 
facturer’s plant for reconditioning. 


Service Experience on New York, 
New Haven, and Hartford 
Railroad ; 


Having observed the performance of 
Pennsylvania Railroad locomotive 4819 
with the resistor transition equipment 
functioning, New Haven representatives 
expressed interest and a desire to have the 
equipment turned over to them for use 
and service experience on one of their 
locomotives, in order to explore fully the 
possibilities of improved locomotive per- 
formance and reduced tap-switch main- 
tenance. 

New Haven electric locomotive 0361 
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(Figure 6) was selected for the installation 
of the resistor transition apparatus. This 
locomotive is one of six built by the 
General Electric Company in 1938 and 
used in main-line passenger service be- 
tween New York and New Haven. A 
prief description of the locomotive fol- 
lows: 


Classi. sic. sntoeatnsinicy somiek 0361-0366 
Services. oc.omitnmnet ches she Passenger 
Power sipply.. cs ices { 11,000 volts, 25 cycles, 
| a-c, 660 volts, d-c 
Wheel arrangement....... 2C+C2 
Number and type of trac- 
tiom, moOtoLn-win ere 6GEA-622 


432,000 pounds 
273,000 pounds 


otal we1gut sane erd: aie 
Weight on drivers........ 
Length between coupler 
pulling facesiicc. a eaen 
Over-all’width=cmastte: fe 
Height over a-c panto- 
graphs’ GOW jn. cuits srs 
Maximum tractive effort 
(2505 adh;)y een sae 
Continuous tractive effort. . 
Speed at continuous tractive 


77 feet 0 inches 
10 feet 2 inches 


14 feet 8 inches 


68,500 pounds 
24,100 pounds 


CHGEC.. sb cha ee Ae tae 56.0 miles per hour 
Continuous rated _ horse- 

POWELLS Shiai s ey 3,600 
Photograph’... 2 os site ae Figure 6 


This locomotive has 22 tapping con- 
tactors and 20 a-c controller notches with- 
out intermediate buck-boost notches. No 
sequence relay interlocking is provided. 

The application was made while the 
locomotive was in the shop for its first 
truck overhaul and traction-motor com- 
mutator turning after making a total mile- 
age of 263,000. It was released from the 
shop July 16, 1941, after making various 
yard tests to determine that the new ap- 
paratus was functioning properly. Before 
assignment to any revenue trains, how- 
ever, it was given a series of light runs on 
the main line, still further to insure that 
operation was correct. 

In order to find out if duty on the tap- 
ping contactors was actually lessened by 
reason of the elimination of severe cur- 
rent and voltage transients in the pre- 
ventive coils, new tips and are chutes 
were installed on all such contactors. 
On subsequent periodic inspections burn- 
ing and wear of tips and arc-chute sides 
could be compared with conditions on 
similar locomotives without the resistor 
transition. 

The transformer and preventive coil 
connections for this locomotive are as 
shown in Figure 8. The control circuits 
in Figure 4 show the master controller and 
the relay circuits associated with the op- 
eration of the resistor transition switches 
TC! and TC2. Figure 5 is a sequence 
diagram for the operation of the relays, 
tap switches, and resistor transition con- 
tactors for certain representative steps 
The following is a brief description of 
the operation of the control circuits 
which have as their function the clos- 
ure of the resistor transition switch 
before the opening tap switch breaks its 
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contacts, and thereafter the holding of the 
resistor transition switch closed until the 
next tap switch is closed. 

* Upon the movement of the master con- 
troller from one notch to the next, a seg- 
ment between notches gives an impulse 
of electric energy to an appropriate wire 
which is connected to the magnet valve of 
the resistor transition switch it is desired 
to close. The operating coil of the mag- 
net valve is wound for approximately 
half the normal control voltage of the 
system so that its operation will be very 
fast. The coil is protected against the 
control voltage, should the controller be 
left midway between notches, by a re- 
sistor that is shorted out of the circuit by 
a relay (TR1 or TR2), whose circuits are 
made up before the transition is initiated, 
as described later. ‘Should the controller 
remain between notches, the relay is de- 
energized by interlocks on the resistor 
switches, thereby inserting the protective 
resistance in series with the magnet valve 
coil. Attached to the armature of the 
magnet valve is an auxiliary normally 
open contact (TC1V, TC2V) which 
‘makes’ upon the initial travel of the 
armature before the latter starts to open 
the air valve. This contact forms a hold- 
ing circuit from the battery to cause the 
magnet valve to continue to close, thus 
operating the air valve and supplying air 
to the cylinder of the contactor, regard- 
less of the length of time the impulse re- 
mains on the wire from the controller. 
The transition switch closing its main 
contacts also opens the circuit to the 
transition relay by means of inter- 
locks. Another set of transition relay 
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Figure 4. Control circuits for resistor con- 
tactors 


B3, B5—Blower contactors 

RTH1, RTH2—Therméstats 

RTR—17LV40H111 relay 

TC1, TC2—ME-432 contactors with inter- 
loéks and short travel 

TC1V, TC2V—17MVZ12A1 valves with 

interlocks on TC1 and TC2 

TR1, TR2—17LV28K relays with special 

slow drop-out coils 


contacts (TR1, TR2) are in series 
with the holding circuit to the mag- 
net valve of the particular switch in- 
volved. The transition relay has a time 
delay built into it of sufficient duration to 
keep its contacts closed until enough time 
has elapsed for the transition of the main 
tap switches to have been completed. 
At the end of the prescribed time the 
transition relay operates, opening the 
holding circuit and causing the transition 
contactor to open. The interlocks on the 
transition contactor (TC1, TC2) again 
make up the circuit to the transition 
relay, which again “picks up” and is 
then ready for a repetition of the same 
cycle when it is initiated by an impulse 
from the master controller. There are 
two sets of relay equipments, one for each 
transition resistor. 

The resistors are located over the ex- 
haust air stream from the radiator of the 
main transformer, and the control is so 
interlocked with the blowers that it will 
not operate unless the blowers are run- 
ning. As another safety factor a thermo- 
stat has been placed over each resistor 
so that, when they exceed a safe tem- 
perature, the thermostat will close, 
energizing the thermostat relay (RTR) 
which latches in its energized position 
and de-energizes the resistor transition 
circuits. The resistor transition equip- 
ment cannot then be operated until the 
resistor has cooled, and the thermostat 
relay has been reset by hand. The re- 
sistor thermostats are in the nature of 
“backup” protection, as the resistors 
themselves have been designed liberally 
enough so that, with the aid of the venti- 
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lation from the transformer radiator, 
it would be permissible to let them stay 
on the preventive-coil bus energized 
continuously without damage to them- 
selves. They have a very high tempera- 
ture coefficient of resistance so that, as 
they heat up, they inherently reduce the 
current flowing through them. However, 
in order to protect the adjacent equip- 
ment and cab structure from excessive 
heat, it was considered desirable to add 
the thermostat to each resistor. 

The resistor transition switches are 
standard tap switches equipped with a 
reduced tip gap to obtain short travel 
and space filler to reduce the surplus 
volume in the cylinder. Minimizing the 
clearance volume of the cylinder reduces 
the volume of air required to start the 
switch moving, and reducing the switch 
travel cuts down the time required for 
closure. These refinements in the switch, 
combined with a magnet valve that is 
operated on approximately twice normal 
voltage, suffice to give a switch with the 
required operating speed. 

This arrangement of the control circuits 
appears to have been eminently satisfac- 
tory, and where the segments in the mas- 
ter controller have been properly aligned 
so that the impulse to the magnet valve 
is started before its corresponding tap 
switch has been de-energized, no difficulty 
has arisen in insuring that the resistor 
switch is closed before the tap switch 
breaks its contacts. In normal notching 
the duration of the impulse from the mas- 
ter controller is of the order of !/199 of a 
second. 

When the trial of resistor transition on a 
New Haven electric locomotive was first 
considered, two trains immediately came 
to mind as offering the best chance to ob- 
serve the effects. These two trains were 
exceptionally heavy morning and night 
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Figure 5. Sequence diagram for representa- 
tive notch transitions with transition resistors 
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commuter trains operating as local ex- 
presses between New York and New 
Haven; each required higher locomotive 
output than any other passenger train 
handled electrically. The electric loco- 
motives regularly assigned were the 0361- 
0366 class. Short-time load demands, 
when operating the two trains in question, 
reach a peak of 7,600 horsepower, more 
than twice the continuous rating. These 
peak demands come about through fre- 
quent stops on a fast schedule for half of 
the run in each direction. 

These two trains therefore were selected 
for the initial test runs. Other trains 
were handled as the locomotive was used 
in the regular 0361-0366 pool. 

Two results of the resistor transition 
were immediately apparent. One was 
the virtual elimination of the usual bark- 
ing of contactors on heavy current dur- 
ing acceleration. The second was the 
smoothing out of the tractive effort incre- 
ments on acceleration, resulting in less 
tendency for the locomotive drivers to 
slip. This was remarked upon almost im- 
mediately by those operating the locomo- 
tive. 

At first, the resistor transition appara- 
tus was cut out except when a road fore- 
man or others familiar with the equipment 
were riding the locomotive. In a short 
time, however, it became apparent that 
it could satisfactorily be left cut in, de- 
pending in the event of trouble on the 
thermostats or the instructions issued to 
the crews for cutting it out. The latter 
was a simple process, involving only the 
opening of a small double pole, sin le- 
throw control knife switch which made the 
transition contactors inoperative and re- 
turned the locomotive to normal opera- 
tion. 

Experience in regular operation since 
this time has developed practically no 
trouble, and the equipment has been con- 
tinually in service and cut in, except for 
several instances of thermal relays trip- 
ping, probably due to enginemen operat- 
ing in between notches on the master 
controller, and one period of approxi- 
mately two weeks due to an error in judg- 
ing the position of the timing relay con- 
tacts. The eight months of use have 
demonstrated that the resistor transition 
equipment is reliable in its operation 
without any more attention than is given 
other electric apparatus on the locomo- 
tive. 

The duty on tapping contactors has 
been lessened. Unfortunately, due to 
operating conditions, there was no oppor- 
tunity to determine quantitatively how 
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Figure 6. New 
York, New Haven, 
and Hartford Rail- 
toad Company loco- 
motive 0361 upon 
which resistor tran- 
sition equipment is 
operating 


much benefit was obtained, but qualita- 
tively much benefit was observable. This 
means that aside from the operating ad- 
vantages already described, there was a 
reduction in maintenance of tapping 
contactors, which is an important item on 
a-c electric locomotives. Against this, 
however, must be placed the additional 
maintenance of the resistor transition 
equipment, particularly the contactors 
and the segments and fingers on the mas- 
ter controllers. 

Another feature of the equipment is 
that a certain amount of care must be 
taken by the engineman when operating 
the controller. The control-circuit scheme 
is based on a train of events initiated by 
an impulse from the controller, and subse- 
quent impulses must be spaced far 
enough apart in time so that the initial 
train of events has been completed, or 
else the most desirable operation is not 
obtained. When accelerating from stand- 
still, a short pause normally occurs be- 
tween each two notches, and the opera- 
tion is always correct, but in notching on 
or off too fast when up to speed, the resis- 
tor transition may be only partly effec- 
tive because of lack of time between 
notches. This is only of interest from the 
standpoint of duty on preventive coils and 
tapping contactors; tractive effort con- 
siderations are not critical under these 
conditions. 


Conclusions 


While the resistor transition equip- 
ment was applied to a New Haven 
passenger locomotive as representing one 
of the latest type of a-c locomotives in 
service, it would seem that the applica- 
tion would find its greatest usefulness in 
freight locomotives where smooth-start- 
ing tractive-effort characteristics are prac- 
tically a necessity, and where starting 
duty is both prolonged and severe. 


In general, the 


resistor transition 
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scheme, developed and applied as de- 
scribed, has given gratifying results in its 
apparent improvement in the accelera- 
tion of the locomotives to which it has 
been applied, through the eduction in 
the arcing duty on the tap switches as 
evidenced by the almost complete lack 
of any arc noise and the very much 
smoother operation of the locomotive 
when notching. 

Although the resistor transition has a 
beneficial effect on tap-switch surges after 
closure of the higher tap switch during a 
transition, because of the fact that it will 
prevent saturation, particularly of the 
large preventive coil, it is still necessary 
to analyze carefully each case to insure 
that excessive tap-switch surges are not 
obtained with the given values of series 
air-core reactance in the small coils. The 
fact that the transition resistor is still 
energized after the next higher tap switch 
has closed means that the current flow- 
ing through the resistor is superimposed 
upon the small preventive-coil exciting 
current, with the result that the surge 
current may actually not be greatly 
different from what it would have been, 
had a resistor not been connected to the 
circuit. However, with some combina- 
tions of equipment, the presence of the 
resistor will result in a definite reduction 
in the surge, and each case must therefore 
be analyzed on the basis of its own merits. 

A further study of the scheme and its 
application would seem to be warranted 
for heavy duty a-c freight and passenger 
locomotives. 
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ynopsis: The increased demand for alumi- 
um, magnesium, chlorine, copper, and zinc 
war purposes has made the electrolytic 
ae for these materials the largest con- 
sumers of electric energy in this country. 

The most frequently encountered d-c and 

ele requirements of these four principal 
electrolytic processes are discussed. An 
illustrative current-time and voltage-time 
characteristic curve for starting a chlorine 
cell line is shown, and the requirements that 
‘such characteristics impose on the electric 
equipment are discussed. The current- 
voltage characteristics of aluminum, mag- 
nesium, chlorine, and zine cell lines are also 
shown. : 
_ Atypical installation of conversion equip- 
ment for an electrolytic process plant is 
given, and the reasons for selecting the par- 
ticular types of electric equipment and its 
physical and electrical arrangement are 
discussed. 

As part of this discussion, there are in- 
eluded characteristic curves of rectifiers 
showing the effect of ignition control on 
power factor for 6-, 12-, and 36-phase com- 
binations. A table giving a “rule-of- 
thumb” relationship between the number of 
phases and kilowatt limits which have been 
found in practice to provide operation rea- 
sonably free from telephone interference is 
included. There is also given a tabulation 
of phase shifter combinations, by means of 
which multiphase operation can be obtained 
with various combinations of standard six- 
phase rectifier transformers. 


HE electrochemical industry has very 
recently become one of the most im- 
portant consumers of electric energy in 
the United States with increasing produc- 
tion of aluminum and magnesium and, in 
the near future, will become an even 
more important user. The “Big Four’ 
of the electrochemical industry—alumi- 
num, magnesium, chlorine, and the sister 
metals, copper and zinc—have now in- 
stalled over 2,500,000 kw of conversion 
apparatus of all types in this country, 
and the end of the year 1942 will see an 
additional million kilowatts installed in 
these four branches of the electrochemical 
industry. 
This conversion equipment operates at 
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almost 100 per cent load factor and con- 
verts power at a yearly rate of 25,000,- 
000,000 kilowatt-hours, or nearly one 
quarter of the total energy used for all 
industrial purposes. This percentage 
may at the end of this year well increase 
to perhaps 40 per cent of the total indus- 
trial power. 

There are many other electrochemical 
processes of less importance. Perhaps 
the next largest in installed conversion 
capacity produces fused sodium chloride 
with approximately 60,000 kw. Follow- 
ing this in importance are processes for 
production of hydrogen, manganese, 
potassium perchlorate and sodium chlo- 
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rate, and other similar processes. The 
application problems are similar to those 
of the four major industries. 

While these figures include conversion 
apparatus of all types (rectifiers, rotary 
converters, and motor generator sets), the 
rectifier is now the prevalent choice of the 
industry for converting such large 
amounts of power into direct current. 
Since 1937 very few large electrolytic in- 
stallations using rotating conversion 
equipment were made in this country or 
in central Europe. During the last two 
or three years, the ignitron-type rectifier 
has been chosen for most of the installa- 
tions in this country, although the multi- 
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anode type of rectifier is still the choice of 
foreign designers. 

The application engineer dealing with 
the electrochemical industry is at a cer- 
tain disadvantage compared with applica- 
tion engineers for other industries, inas- 
much as the chemical industry has pub- 
lished very little data concerning their 
electrical requirements. This may be 
attributed to the fact that electrochemical 
processes and techniques are often of a 
highly secret nature, not only in time of 
war, but also under peacetime conditions 
when the process is a matter of competi- 
tive endeavor. The electrical-applica- 
tion engineers would welcome more 
complete and precise knowledge of the 
electrical characteristics of the various 
electrolytic cells, presented not from the 
point of view of the chemist, but from the 
point of view of the electrical engineer. 
A few typical characteristics are discussed 
below, but this subject needs considerably 
more analysis. 


Electrochemical Process 
Characteristics 


ALUMINUM 


A typical electrolytic cell line or “‘pot”’ 
line for the production of aluminum con- 
sists of a number of cells connected in 
series and is supplied with a normal direct 
current of 60,000 amperes at perhaps 650 
volts. Such a line may require very little 
adjustment in d-c voltage except for 
minor variations of cell resistance and of 
the counter electromotive force of the 
cells. Adjustable voltage is however 
required, if the number of cells is de- 
creased below normal, or for baking out a 
new or “green” cell line. The variation 
of the a-c supply voltage may require 
means of maintaining pot-line current 
and voltage at a constant value. Means 
for accomplishing such voltage regulation 
will be discussed later. Under ordinary 
operating conditions, after such a line is 
once put into operation, it will run for 
months or even years, with a voltage and 
current variation of not more than five or 
ten per cent. 

Another typical aluminum cell line 
with cells of the so-called Soderberg type 
has a normal capacity of 32,000 amperes 
at 650 volts. With this type of cell more 
frequent adjustment in the d-c voltage is 
found very useful for the purpose of 
starting “green” cells or baking out cell 
linings. 


MAGNESIUM 


As far as the application of the electrical 
conversion equipment is concerned, a 
magnesium cell-line is very similar to the 
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aluminum line. The magnesium cell line 
may have a normal d-c rating of 60,000 
amperes at 600 volts, although a large 
installation is now in the process of erec- 
tion which, based on European practice, 
will use a large number of 20,000-ampere 
350-volt cell lines. Another installation 
is using 32,000-ampere 600-volt lines. 

Wider adjustment in the d-c voltage is 
required on a magnesium cell line as com- 
pared with one for aluminum, because a 
new cell line is usually started with only a 
few cells and is built up over a period of 
several weeks by adding new cells in 
series. Both in this country and abroad, 
installations have been made with a wide 
range of adjustable d-c voltage, even 
though normal operation is at practically 
constant voltage. 


CHLORINE 


Typical chlorine cell lines use from 7,500 
to 10,000 amperes at 500 to 700 volts, de- 
pending upon the type of cell used or the 
. number of cells connected in series. 

~ Some cells are designed for 1,800 to 2,000 


amperes, and four or five of these may be | 


connected in parallel on a common d-c 
bus. Usually each 7,500- or 10,000- 
ampere cell line is supplied from one 
rectifier unit, without interconnection 
with other cell lines on the d-c side except 
in case of emergency. This arrangement 
provides flexibility to meet the day-to-day 
variations in cell-line requirements. Such 
lines are operated at essentially constant 
d-c voltage. Figure 1 shows typical 
voltage- and current-time curves for a 
chlorine line which is placed into opera- 
tion for the first time. 

It should be pointed out that these 
curves are not based on tests, as the 
authors might desire, but on previously 
published information and on theoretical 
considerations. 

The Figure 1 shows an initial instan- 
taneous peak rising to perhaps 125 per 
cent after the cell line is first thrown on 
full voltage and before the counter elec- 
tromotive force or battery action of the 
cell is established, a phenomenon which 
happens within a few cycles. The 
sodium-chloride solution initially has a 
high resistance, while it is cold and dilute. 
For the next six or eight hours the current 
rises as the resistance decreases with in- 
creasing concentration of the solution. 

The initial voltage reduction to 60 or 70 
per cent required of the conversion equip- 
ment to keep down the initial inrush of 
current is well within the capability of 
ignition control of a ‘rectifier. Minor 
adjustments in the voltage required from 
day to day are also usually made by 
means of ignition control. Larger d-c 
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voltage changes may be obtained with 


taps on the rectifier transformer as will be 
discussed later. 

It should be noted that the character- 
istics of the individual cells are somewhat 
obscured if a number of lines are operated 
in parallel. 


COPPER AND ZINC 


_ A typical copper or zinc cell line is 
quite different from the chlorine line as 
regards the conversion equipment. A 
zine line may require about 10,000 am- 
peres at 500 to 600 volts, depending on 
the number of cells connected in series. 
Foreign installations have been made us- 
ing voltages up to 800 or 850 volts. For 
normal operation the cell line is operated 
at substantially constant d-c voltage. 
Usual applications require some trans- 
former taps for d-c voltage adjustment on 
a cell line as the number of cells in series 
are changed. 
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Figure 2. Electrolytic cell-line characteristic 


Since, however, the electrolytic produc- 
tion of copper or zinc is a batch process, 
where a cell is periodically taken out of 
service for the purpose of stripping copper 
or zine from the electrodes, the cell-line 
voltage must at the same time be lowered 
to such a low value that the disconnection 
of one cell may be made at slightly above 
zero current. The voltage reduction 
required to accomplish this is approxi- 
mately 25 per cent, usually obtained by 
ignition retard. 

Figure 2 shows a typical voltage-cur- 
rent characteristic of a zinc line. It is 
easily understood that the removal of one 
cell from the circuit by means of short- 
circuiting this cell should, from the stand- 
point of operation, be done as quickly as 
possible in order to revert to full current 
and full production without too much 
loss of time. 

It is important that some cell current 
be maintained, at least at a low value, at 
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all times to prevent the copper or zine 
already deposited from going back into 
solution. . 
Figure 2 also shows cell-line character- 
istics for other cell lines. Chlorine has a 
counter electromotive force of approxt- 
mately 66 per cent. For alumina dis- 
solved in cryolite, the authors estimate a 


- counter electromotive force of about 30 


per cent based on the theoretical voltage 
of dissociation of 1.38 volts per cell and 
the approximate total voltage drop of 5.9 
volts per cell. The counter electromotive 
force of fused magnesium chloride based 
on similar data is shown to be approxi- 
mately 35 percent. The authors have no 
accurate data on the length of time for 
which this counter electromotive force 
persists after an interruption in the cur- 
rent supply. 

Some cell lines have their mid-point 
grounded through a resistor for the pur- 
pese of lowering the cell potential to 
ground. Such installations usually have 
a relay and alarm system in the ground 
connection to notify the operator of 
accidental grounds on the cell circuit. 
Grounding the mid-point of the ceil line 
seems to be common practice abroad but 
is only occasionally used in this country. 
The disadvantages of its use are slightly 
more electrical losses to ground because 
of current bypassing some cells. 


Selection of Electric Equipment for 
Electrochemical Processes 


RECTIFIERS VERSUS ROTATING APPA- 


RATUS 


The mercury-are rectifier has become 
so well established in the electrochemical 
field that it is hardly necessary to dwell 
at great lengths on the advantages it has 
over rotating apparatus. However, it is 
desirable to review very briefly some of 
these advantages. 

The space requirements for the installa- 
tion of rectifiers are quite moderate, and 
no reinforced foundations are needed such 
as are required for rotating apparatus. 

In the larger units at 600 volts direct 
current, the rectifier-conversion equip- 
ment may be installed for approximately 
$35 to $40 per kw. This includes the 
incoming 13.8 kv 60-cycle a-c switchgear, 
autotransformers, rectifier apparatus, ca- 
ble and copper bus bars for the main d-c 
bus, building, and installation labor. 
This approximate installation cost figure 
would cover a layout as shown in Figures 
5A and 5B. 

An especially important consideration 
in wartime is the fact that the amount of 
particularly scarce materials, such as cop- 
per and steel, is considerably less in a 
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been pated used in Europe 
they have been in this country. 
he efficiency of the modern ignitron- 


und 600 volts is in excess of 95 per 
t, including the transformer losses and 
€ power consumed by the rectifier 
xiliary equipment, such as pumps and 
tion apparatus. 
The efficiency of the conversion equip- 
ment is of special importance in the elec- 
trochemical industry, because these proc- 
esses operate at close to unity load factor, 
and the electric energy which the conver- 
sion equipment supplies over a year’s 
time may cost as much or more than the 
ost of the conversion equipment itself. 
An operating advantage of the rectifier 
installation over a rotating-apparatus in- 


ation is particularly emphasized by 
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the problem of restarting a large-capacity 
cell line after a complete power failure or 
shutdown. Assuming that such a cell 
line is supplied from six 10,000-ampere 
rotary converters, it is necessary after a 
power failure to restart and resynchronize 
all of the rotary converters with the d-c 
breakers open. Since it is impossible to 
close all of the d-c breakers simultane- 
ously, one of the rotary converters will 
assume the entire load, its breaker will 
trip off on overload, and succeeding break- 
ers will follow. 

To meet this problem with rotary con- 
verters, a large cell-line breaker is re- 
sorted to, which may be rated 60,000 
amperes continuously. By using this 
rather unwieldy device, all of the rotary 
converters may be paralleled on the d-c 
bus with this cell-line breaker open and 
then the breaker closed. 
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tifier equipment in the voltage range - 


A rectifier application easily circum- 
vents this problem. With rectifiers, all 
d-c and a-c breakers are closed with the 
ignition circuit de-energized. The pot- 
room load is picked up by energizing the 
ignition circuits of all rectifiers simul- 
taneously. - No cell-line breaker is needed. 
It is obvious that the time element, in re- 
establishing service after a power inter- 
ruption, is very small indeed for a rectifier 
station as compared with a rotary con- 
verter installation, 

Rectifiers provide a certain amount of 
d-c voltage adjustment by means of 


Figure 3. _ Large rectifier sub- 


station 


ignition retard, which allows quick and 
easy compensation for changes in the a-c 
supply voltage or for changes in the cell- 
line conditions; whereas with rotary con- 
verters, the use of boosters must be re- 
sorted to. It should be pointed out, 
however, that the continuous use of igni- 
tion control is not resorted to in practice 
beyond four or five per cent, since a wider 
use is accompanied by lowering of the 
power factor and an increase in the tend- 
ency of the rectifier to arc back. 

All in all, it may be fairly stated that 
the many advantages of rectifiers over 
rotating apparatus makes their selection 
for a large electrochemical installation a 
foregone conclusion. 

A considerable advance in the art of 
rectifier design is represented by the 
single-anode rectifier tank. As_ illus- 
trated in Figure 3, these single-anode 
tanks or ignitrons are assembled in 
groups of 12 to supply 5,000 cathode 
amperes. This ignitron design has re- 
sulted in an increase of efficiency by a 
reduction of the arc drop to 20 volts or 
less; which, for such installations, means 
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an over-all efficiency of about 95 per cent. 
The lower are drop and the high efficiency 
result from the fact that the anode en- 
cased in a single tank can be placed closer 
to the mercury-pool cathode. 

Because each anode is confined in a 
relatively small tank compared to the 
large multianode arrangement, with the 
ignitron it is possible to make much 
tighter vacuum seals, and therefore better 
to maintain the vacuum. Furthermore, 
if a tank leaks, or trouble develops with 
one tank, itis a relatively simple matter to 
replace this tank, whereas it is much more 


serious when a large multianode tank has 
to be taken out of service. For these 
reasons the single-anode ignitron rectifier 
is now the choice of the electrochemical 
industry, foreign countries excepted. 


SELECTION OF RECTIFIERS 


Figure 4 shows the general arrangement 
of an electric system for three 60,000- 
ampere 600-volt electrolytic cell lines. 
While this sketch does not represent in 
detail an actual installation, nevertheless 
all of the features shown are commonly 
installed, and the sketch will serve as a 
basis for discussion of the various reasons 
why the equipment shown was selected. 

Each 60,000-ampere cell line operates 
as a unit. Therefore, the largest avail- 
able size rectifier units are chosen, in 
order to obtain maximum economy in 
first cost. The rectifier transformers are 
selected so as to supply two rectifier units 
from one transformer, or a total of 10,000 
d-c cathode amperes. This is about the 
upper limit. The maximum of 10,000 
cathode amperes d-c per rectifier trans- 
former has been found both in this coun- 
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try and abroad to be a conservative upper 
limit because of large copper sizes to be 
handled, stresses in the transformer dur- 
ing arc-back, and for other design reasons. 
Thus the logical choice of rectifier units 
for this case is the 5,000-ampere, 12-anode 
ignitron, similar to those shown in Fig- 
ure 3. 

In view of its relative simplicity of de- 
sign and sturdiness of construction, the 
six-phase double-wye or quadruple-wye 
secondary connection is most widely used, 
both here and in foreign countries. Some 
12-phase rectifier transformers have, of 
course, been used for small installations. 
As shown on Figure 4, the transformer 
selected has quadruple-wye secondary 
connections. Two wye, with their inter- 
phase winding, supply one 5,000-ampere 
rectifier, and two duplicate wye, with 
interphase winding, supply the other 
rectifier. 


NUMBER OF PHASES 


As the six-phase, 10,000-ampere cath- 
ode d-c rectifier transformer is selected, 


C_IS8KV 500000 KVA 
A 2000 AMP 
OCB 


cen ha 


=—— 5000 AMP IGNITRON RE 


,~ _ HIGH SPEED ANODE BREAKERS 


HN 


60,000 AMPERE 
600 VOLTS 
POT LINE #2 


there are now required six such units to 
supply the 60,000-ampere pot line. This 
is a total of 36,000 d-c kw. Investiga- 
tions of rectifier wave shape and its influ- 
ence on telephone communications indi- 
cate that the telephone influence is, to a 
very large extent, dependent on the 
characteristics and the total installed 
capacity of the a-c supply system, to 
which the rectifier installation is con- 
nected, and also on the number of phases 
selected. It has been fairly well estab- 
lished that such an amount of power 
operating at six phase would cause wide- 
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spread telephone interference, if no co- 
ordinative measures are taken. There- 
fore, the number of phases should be 
selected with reference to the ratio of the 
total rectifier capacity and the total sys- 
tem capacity supplying the rectifier in- 
stallation. 

Table II contains a “‘rule of thumb” of 
rectifier kilowatt ratings and number of 
phases selected for 60-cycle rectifier opera- 
tion. This table is, of course, subject to 
interpretation and should be used with 
extreme caution, since, for instance, there 
have been some cases of telephone inter- 
ference caused by 200-kw rectifiers at the 
end of a long feeder. It is, however, 
generally applicable to rectifier installa- 
tions on relatively large power systems; 
and so far as the authors know, there have 
been no cases of telephone interference 
caused by rectifiers in industrial plants 
within the limits shown in Table II. 

The total kilowatts and the number of 
rectifier transformers on each pot line 
indicate in accordance with Tables I and 
II that the installation here discussed 


Figure 4 (left). Electric system for large 
electrochemical installation 
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gram of rectifier with arc back(X) on one anode 
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should use 36-phase relationship. Since 
there are six six-phase units, the rectifier 
tubes will fire in 36-phase relationship, if 
the primary voltages are shifted by ten 
degrees for each rectifier unit. 

Table I gives a convenient reference 
for the number of phase shifters and the 
degree of phase shift required for com- 
binations of six-phase transformers for 
multiphase operation. The use of 18- 
phase operation is inadvisable, because 
its principal harmonics are the 17th and 
19th, having the greatest audio-sensi- 
tivity. The 36-phase relationship elimi- 
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nates theoretically all harmonics below 
the 35th. 

It has generally been found impractical 
to make sufficiently accurate estimates of 
the telephone influence in advance of a 
rectifier installation, because of the many 
variables and unknowns, which allow 
only approximate estimates of the tele- 
phone influence. Therefore, it has be- 
come the practice, supported by experi- 
ence, to evaluate only approximately the 
telephone influence and choose the num- 
ber of phases in some such ‘“‘rule-of- 
thumb” fashion as shown in Table IT. 

If it should ever become necessary in a 
specific case, remedies such as increasing 
the number of phases or a-c line filters 
can be applied after the installation has 
been made. 

It should be clearly borne in mind that 
the foregoing discussion refers to a 60- 
cycle supply. Since telephone influence 
is sensitive to certain harmonics, Table II 
does not apply to 25-cycle systems. An 
installation with the same number of 
kilowatts should have a little over double 
the number of phases for a 25-cycle sys- 
tem as it has for a 60-cycle system. 

In addition to the reduction in tele- 
phone influence, the multiphase operation 
offers definite economic advantages, since 
the increase in the number of phases im- 
proves the power factor as indicated in 
Figure 6. This figure is based on design 
data of an actual installation whose basic 
unit is the six-phase transformer. It can 
be seen that when the number of phases is 
raised from 6 to 36, the power factor im- 
proves from 92 to 95 at zero ignition re- 
tard. The increase in the number of 
phases also reduces the losses. 

Instead of using basic six-phase trans- 
former units, it is possible to use basic 12- 
phase transformer units. Such 12-phase 
transformers are much more commonly 
used in Europe than in this country, 
although they may be considered prac- 
tical devices and have a definite field of 
application for smaller installations. All 
interphase transformers, indicated in 
Figure 4, are usually built in the common 
transformer tank. 

The introduction of the phase-shifting 
autotransformer, as shown in Figure 4, 
results in some additional reactance in the 
circuit which would cause it to take 
slightly less load than a circuit without 
phase shifter. However, such unequal 
load distribution is easily compensated by 
a slight amount of ignition retard on the 
unit without phase shifter, and it is not 
considered necessary to insert any exter- 
nal reactance, although this is the practice 
in foreign countries. 

The rating of rectifier transformers for 
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eS Ate eae tise for 
inuuous full load. This conservative 
ng for the transformers has universal 
eceptance in this country for electro- 
chemical service, because the load factor is 
most 100 per cent, and such installations 
y run for years under this full load con- 
ion. The 45 degrees centigrade tem- 
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is assumed to require operation at d-c 
voltages as low as 100 for starting up a 
new cell line with only a few cells. Fur- 
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perature rise greatly reduces the mainte- 
nance on the oil and also provides some in- 
herent spare capacity for emergencies, 
when it may be necessary to run the cell 
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thermore, the a-c voltage supply is as- 
sumed to vary five or six per cent from 
day to day, a condition which would cause 
the cell-line current to vary a slightly 
greater percentage. Both these condi- 
tions are frequently met in actual opera- 
tion, 

It is quite inadvisable to reduce the 
voltage from 600 down to 100 volts by 
ignition control. Figure 6 indicates that 
voltage reduction by ignition control, 
even as little as 16 per cent, reduces the 
power factor from 95 per cent to 82 per 
cent. Furthermore, operation of mer- 
cury-are rectifiers with a large amount of 
ignition retard, for a long period of time, 
will increase the frequency of arc-backs. 
Experienced rectifier operators, therefore, 
use as little ignition retard as possible, 
and the application of ignition control 
should be limited to such cases where the 
voltage reduction is of only temporary 
character, as, for instance, when startinga - 
cell line, where ignition retard of 30 to 40 
per cent is permissible for a few minutes. 

The other method of d-c voltage con- 
trol, which uses a change of rectifier- 
transformer voltage, is not connected 
with these drawbacks. If only five or ten 
per cent change of d-c voltage is required 
over a long period of time, as would be 
the case for a chlorine line, this change 
should be obtained by taps in the rectifier- 
transformer high-voltage winding. These 
taps would be changed with the trans- 
former de-energized, as such changes are 
sufficiently infrequent to make an inter- 
ruption for this purpose acceptable. 

However, with the change of d-c volt- 
age required in the case of the installation 
here discussed, the only practical way of 
accomplishing this change of a-c voltage 
is through the use of an autotransformer 
with no-load taps. In this particular 
case the autotransformer would be sup- 
plied with seven no-load taps from 100 to 
600 d-c volts rectifier output. Since 
these rather large changes in d-c voltage 
are required only once in several weeks, as 
a number of cells are added or removed 
from the circuit, changing these taps 
with the cell line de-energized imposes no 
serious hardship on the cell-room opera- 
tor. 


SECTION 
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In addition to the no-load taps, the 
autotransformer should in this case have 
load-ratio control to provide a plus or 
minus 60 d-c volts adjustment within the 
range of any of the seven taps of the no- 
load tap changer. This results in ex- 
tremely flexible control and permits the 
operator to compensate for fluctuations in 
the incoming a-c power supply and also to 
bridge the gap between the no-load taps. 
The total range of 120 d-c volts load ratio 
control has been covered with 16 and 32 
steps. lLoad-ratio control is also quite 
useful to the operator in maintaining con- 
stant cell-line current, as cell conditions 
change, and operators, who have this 
tool available, attest to its usefulness for 
this purpose. 

The autotransformer with these fea- 
tures is also a tool for reducing the d-c 
voltage for the purpose of baking out a 
“green”’ cell line or for short-circuiting 
_ the d-c bus and simultaneously baking 
out all rectifier units themselves when 
they are first installed. 

An exactly similar result can be ob- 
tained by the use of an induction voltage 
regulator when due attention is paid to 
the shifting of the primary voltage supply 
with respect to the ignition-system volt- 
age. Induction voltage regulators are 
somewhat more expensive but are fre- 
quently used abroad. 

With such flexible tools for voltage con- 
trol available, it is not necessary to use 
any considerable amount of ignition con- 
trol, except to balance the load between 
the various rectifier units. 

The load-ratio control feature of the 
autotransformer makes possible auto- 
matic kilowatt input control for the pot 
line. This feature is not required by the 
cell-room operator, who will generally 
take all the kilowatts he can obtain, but 
by consideration of power contract 
formulas. By using constant kilowatt 
control, the load factor can be main- 
tained at better than 98 per cent, and, 
with some power contract formulas, this 
feature alone will pay for the autotrans- 
former very quickly, 

It will be noted from Figure 4 that two 
autotransformers are chosen for each pot 
line. Each autotransformer is of suffi- 
cient size to supply with normal tempera- 
ture rise four rectifier transformers and, 
in an emergency, five rectifier trans- 
formers. This spare capacity is required 
for reliability. When one autotrans- 
former is out of service for maintenance of 
load-ratio control contacts, or in the 
event of failure of a cable connection to 
the main bus, the cell line can be operated 
for the duration of the emergency at five- 
sixths capacity. 
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Autotransformers, which are usually 
wye-connected, often have a tertiary 
stabilizing delta winding, as indicated in 
Figure 4. This tertiary winding will be 
of a certain minimum size as dictated by 
design consideration. If designed for a 
standard voltage commonly used to sup- 
ply auxiliary plant load, the tertiary wind- 
ing can be made to serve a double purpose. 
In a particular case, each tertiary winding 
was designed for 3,000 kva at 2,400 volts. 
This provides a very economical source of 
plant power, sitice no additional 13.8-kv 
high-voltage switching is required to 
make it available, and very little addi- 
tional copper in the tertiary winding. 

The autotransformer winding, being 
13.8-kv wye-connected, provides a con- 
venient means of grounding the neutral of 
the 13.8-kv system. While not shown by 
Figure 4, in an actual installation all six 
of the autotransformer neutrals are 
brought through disconnecting switches 
to a common grounding bus; and this bus 
is connected to ground through a current 
limiting resistor. Such neutral ground- 
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ing greatly facilitates the relaying of the 
system and adds to its reliability and 
safety. 


AUTOMATIC CURRENT REGULATION 


Automatic current regulation can be 
furnished by means of regulators operat- 
ing on the rectifier ignition circuits. In 
general, such devices are not required for 
electrochemical installations, because the 
conditions are sufficiently constant, and 
they have been applied only to meet 
special conditions. They may be justi- 
fied when the a-c system voltage varies, 
and it is desired to keep the d-c pot-line 
current constant. They are also of value 
where the rectifier must parallel with other 
conversion units of dissimilar character- 
istics. 

Where such devices are used, the 
amount of ignition control is limited, and 
the undesirable effects on power factor 
are avoided. Where they are used in 
conjunction with load-ratio-control auto- 
transformers, the ignition control is 
limited to perhaps five or six per cent 
range, and when these limits are reached, 
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the load-ratio-control autotransformer 
taps are automatically changed by the 
regulator. - | 


D-C SwITCHGEAR 


High-speed d-c switching, particularly 
where more than one rectifier supplies 
the same load, is considered a highly de- 
sirable application _ requirement. By 
high-speed switching is meant a d-c cir- 
cuit interrupting device which will begin 
to open in one-half cycle or less, and will 
therefore limit the peak current, and will 
completely interrupt it in approximately 
one cycle. The primary oil switch in the 
supply circuit to the rectifier transformer 
will have a normal operating time from 
six to eight cycles and would permit arc- 
back currents to reach undesirably high 
values. 

Two methods of high-speed d-c switch- 
ing are in common use: The older 
method uses a high-speed cathode breaker 
which trips on reverse current and re- 
moves the faulty rectifier from the d-c 
bus. Since the short circuit still exists on 
the secondary circuit of the rectifier trans- 
former, it is necessary to attempt either to 
extinguish the arc in the rectifier by igni- 
tion blocking, or to open the main oil 
switch. 

The second method of applying high- 
speed switching is the use of the high- 
speed anode breaker as indicated in 
Figure 4 and Figure 4A. The use of the 
high-speed anode breaker is an important 
development in the application of recti- 
fiers, and, while there have been some 
papers written on this subject, the authors 
feel that it is desirable to review briefly 
the reasons for their wide acceptance by 
the operators. 

The use of an anode circuit breaker pro- 
vides the best protection not only for the 
rectifier but for the process being supplied 
by direct current, since its use gives a 
greater guarantee of continuity of service. 
The high-speed anode circuit breaker has 
one pole placed in each anode circuit and 
replaces a single-pole high-speed cathode 
breaker. 

Referring to Figure 4A, normal current 
flow at a given moment is indicated by 
the solid-line arrows. When an arc-back 
occurs, one of the anodes (the right-hand 
one, not supposed to be carrying current 
at that instant) allows current to flow in 
the reverse direction. It will be seen 
that an are back therefore causes two 
short circuits, one on the d-c bus indicated 
by the “abnormal” dotted atrow marked 
X, and the other on the a-c system indi- 
cated by the *‘abnormal” dotted arrow Y. 

It is desirable to remove these short 
circuits quickly. An interrupter in the 
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‘the current completely interrupted i in 
approximately one cycle. 

In comparison, the high-speed cathode 
ircuit breaker would only interrupt the 
edback from the d-c bus into the faulty 
anode, but some additional means has to 
be used to remove the short circuit from 
the a-c system, either by opening the 
primary oil circuit breaker or by attempt- 
ing to suppress the arc in the rectifier by 
ignition control, while the use of the high- 
speed anode circuit breaker goes directly 
to the source of the trouble and quickly 
and promptly interrupts the anode cir- 
euit. It should be noted that the use of 
an anode circuit breaker is not a substi- 
te for a primary oil circuit breaker, but 
only a supplement of it. Transformer 
fault protection and normal switching 
generally require the use of primary cir- 
cuit breakers when such large transformer 
unit is connected to an a-c bus. 

_ Some of the specific advantages of high- 
speed anode circuit breakers, particularly 
in those cases where more than one recti- 
fier supplies a common d-c bus, are: 


(a). The transformer is protected against 
the high currents which may result when a 
rectifier arcs back. Such high currents im- 
pose very severe stresses on the transformer. 


(6). The other rectifiers are protected 
against supplying large d-c currents to the 
faulty rectifier. Such protection against 
heavy currents reduces materially the tend- 
ency for the normal rectifiers to are back 
“sympathetically.” 


(c). The remaining normal anodes on the 
same rectifier are not called upon to supply 
heavy currents to the faulty anode, and their 
tendency to arc back, either immediately or 
in the future, is greatly reduced. Arc-backs 
beget arc-backs. 


(d). The use of anode breakers, with high- 
speed reverse-current trip on each pole, 
greatly simplifies the protective control sys- 
tem. There are no additional relays nor 
wiring to go wrong. 


(e). When one rectifier transformer sup- 
plies two rectifiers, as is usually the case in 
electrochemical work, the use of high-speed 
anode circuit breakers will remove one of 
them on are-back and permit the other to 
continue in uninterrupted service. 


The principle of the high-speed anode 
circuit breaker has been well proven in 
service. It is so fundamentally a correct 
device for the protection of mercury-arc 
rectifiers that future electrochemical 
application without them will be rare 
indeed. 

It will be noted from Figures 4 and 4A 
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that a semihigh-speéd cathode breaker is 
indicated. These semihigh-speed cath- 
ode breakers provide overload protection 
in the forward direction, since high-speed 
anode breakers which trip on reverse 
current are not particularly well suited to 
trip on straight overloads in the normal 
direction. The semihigh-speed cathode- 
breaker overload trip is given a slight 
time delay to permit the breaker to stay 
in until the high-speed anode breaker has 
cleared the are-back. The semihigh- 
speed cathode breaker is also useful for 
eae emergency trip of the entire cell 
ine. 


STATION CONTROL 


The station operator’s control devices 
for controlling a station similar to that 
shown in Figures 3 and 4 are concentrated 
on an operator’s control board. 
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Figure 6. Power-factor characteristics for 
varying amount of grid control 


The operator’s functions in energizing 
such a cell line or taking it off the line are 
relatively simple. For energizing the cell 
line, the auxiliary circuits for water and 
vacuum pumps are energized, and then 
the a-c circuit breakers are closed. The 
anode and cathode breakers are next 
closed with the ignition circuit de- 
energized. The ignition circuit is then 
energized, permitting the rectifiers to take 
load. As previously mentioned, the d-c 
breakers cannot be closed with the igni- 
tion circuit energized, because the first 
breaker closed will trip again due to over- 
load. 

For some types of cell lines, and under 
some conditions, the operator may wish to 
start the cell line with the lowest possible 
d-c voltage permitted by ignition control, 
and energize the ignition circuit only 
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after it has been retarded. All of these 
operations are performed at the operator’s 
control board shown in Figure 3. 

A cell line can be de-energized by sim- 
ply tripping the cathode breakers. If 
one of the cathode breakers should lag 
materially behind the others, it will be 
forced to interrupt the entire cell-line 
current which represents an exceedingly 
heavy duty. If the operator desires and 
has the time, he may reduce the current 
interrupted by these breakers by first 


reducing the voltage and current on the | 


entire cell line through the ignition con- 
trol. 

The power to cell lines should not be 
interrupted by de-energizing the ignition 
circuit. If this is attempted, the entire 
cell-line current somewhat attenuated 
will be finally transferred to a single 
anode. This is a serious overload for the 
particular anode and may cause serious 
damage to it. Even if all the cathode 
breakers are tripped simultaneously, they 
will open at slightly different moments. 
However, the magnetic energy stored in 
the cell-line circuit is dissipated quickly 
and without harm in the arc chutes of the 
cathode breaker. 

Another method of de-energizing the 
cell line is to open the main a-c feeder 
breakers, a method which would corre- 
spond to the case of a complete power 
failure. Except for increased mainte- 
nance on the breaker, such interruption 
will not have any particularly bad effects, 
because the energy flow from the system is 
interrupted, and the current is transferred 
finally to the last conducting anode, only 
after it has died down to a relatively low 
and safe value. 

Such stations as those illustrated by 
Figures 3 and 4 are continuously attended. 
The operations under normal circum- 
stances are relatively simple and are 
usually confined to the observation of the 
instruments and the rectifiers. Where no 
automatic current nor voltage regulation 
is used, it is necessary to adjust the 
voltage from time to time by operating 
the tap changer or load-ratio control of 
the transformer, and perhaps occasionally 
to balance the load between the rectifiers 
by means of a slight amount of ignition 
control, 


TEMPERATURE-REGULATING EQUIPMENT 


The losses in the rectifiers are usually 
removed by water cooling. There are a 
few installations of air-cooled rectifiers in 
Europe but no important installations in 
this country. In water-cooled rectifiers, 
the coolant is usually recirculated through 
some form of heat exchanger. Where the 
raw water supply is sufficiently cool, 
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clean, and abundant, these heat exchang- 
ers are generally water-to-water. Where 
the water supply is less favorable, these 
heat exchangers may be water-to-air. 

The temperature-regulating heat ex- 
changers as shown in the typical station 
layout of Figure 5 are usually located 
directly beneath the rectifier and the 
coolant continuously circulated between 
the rectifier and the heat exchanger. 
For most efficient rectifier operation, the 
temperature of this coolant is maintained 
at approximately 47 degrees centigrade. 
Thermostatically controlled valves on 
the heat exchanger maintain this tempera- 
ture by automatically controlling the 
amount of raw cooling water flowing 
through the heat exchanger. 

The recirculated liquid coolant is 
usually distilled water and may be treated 
with sodium dichromate to inhibit corro- 
sion. These water-to-water heat ex- 
changers can be manufactured for cooling 
water temperatures as high as 35 de- 
grees centigrade (95 Fahrenheit). Fora 
36,000-kw rectifier installation considered 
in Figure 4, there would be required 420 
gallons per minute of 85 degrees Fahren- 
heit raw cooling water. 

In water-to-air heat exchangers, the 
coolant is also continuously circulated 
between the heat exchanger and the recti- 
fier. A by-pass valve, thermostatically 
controlled, will pass more or less of the re- 
circulated coolant through the heat ex- 
changer while the fans run continuously. 

Heat exchangers, when sodium-di- 
chromate corrosion inhibitor is used, are 
at cathode potential and are therefore 
usually insulated from ground. Rubber 
hose is used to connect it to the rectifier 
and to the raw water supply. 

The use of water-to-air heat exchangers, 
because of blower losses, may lower the 
station efficiency perhaps one tenth of one 
per cent, but since these blowers operate 
at full speed only a few months in the 
summer time, this is not an important 
consideration. The choice of water-to- 
water or water-to-air heat exchangers 
should only be considered from the stand- 
point of expense and quality of the raw 
water supply available. The installed 
cost of the water-to-water heat exchang- 
ers is considerably less than water-to-air, 
if the raw water is delivered to the build- 
ing at no cost. 


STATION ARRANGEMENT 


A typical station arrangement for a 
large electrochemical installation is shown 
in Figures 5A and 5B. 

The transformers are installed outdoors 
and are usually of the oil-insulated self- 
cooled type. 
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The temperature-regulating heat ex- 
changers are installed on the first floor of 
the main rectifier building directly below 
each of the rectifiers to which they are 
connected. For such large installations 
this arrangement gives the best economy 
of building space. 

The rectifiers are mounted on the sec- 
ond floor at about the same elevation as 
the transformer secondary connections. 
Bus connections to the individual rectifier 
anodes are made preferably below the 
rectifier assembly. The cathode connec- 
tions to the cathode breakers are also 
made from below. In this particular 
illustration, the neutral or negative con- 
nection from the interphase transformer 
is carried across the station directly below 
the roof. \ 

The d-c breakers may be installed 
either on the ground floor or on the recti- 
fier floor. An argument in favor of in- 
stalling them on the rectifier floor is that 
the operator is then able to see that the 
breakers on a particular rectifier are open 
when work has to be done on this rectifier. 
However, space is generally available in 
the basement, and a narrower building 
results if these devices are placed in the 
basement. 

On the second or rectifier floor of the 
building, is placed the operators’ control 
board as illustrated in Figure 3. The 
control boards for two or even three pot- 
line equipments may be grouped together 
and under the control of one operator. ~ 

On the ground floor, aisle space is pro- 
vided so that a portable degassing trans- 


former may be moved from one rectifier 


to the other for initial degassing, or for de- 
gassing after a single unit has been re- 
turned to service after repairs. 

The control cubicles containing the 
control devices for the pump and other 
auxiliaries for each rectifier are installed 
on the end of each rectifier. 

The a-c switchgear in this particular 
illustration of Figure 5A is shown located 
in a separate building with the two auto- 
transformers adjacent thereto. 

It should be noted that this installation 
is typical of many electrochemical instal- 
lations in that all of the 13.8-kv power 
cable enters the transformers and switch- 
gear through pot heads, and there are no 
exposed 13.8-kv bushings in the system. 
This protection is a matter of some im- 
portance to those electrochemical installa- 
tions where corrosive atmospheres or con- 
ducting dust is present. 


A-C. POWER SUPPLY 


Reliability of power supply for electro- 
chemical installations is considered essen- 
tial, since loss of power even for a short 
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time may be very costly, in addition to 
being naturally objectionable from the 
standpoint of the operator. In the case 
of chlorine cell lines, loss of power requires 
the immediate stoppage of auxiliary gas 
pumps and of the feed to the cells; other- 
wise chlorine gas may be liberated in the 
cell room with undesirable effects on the 
operators and the surrounding neighbor- 
hood. With aluminum and magnesium 
plants, the loss of power for an hour or 
more may cause the cells to freeze. In 
general, loss of power may mean an inter- 
ruption of production for a much longer 
period than the duration of such power 
interruption and may require a costly and 
slow restarting of the process. 

Therefore, the electric equipment and 
its power supply, which are the heart of 
this process, must be of the most reliable 
type and must include such spare capac- 
ity as may be indicated by experience. 
Even the best or most efficient or most 
reliable electric equipment will have an 
installed cost not usually exceeding 30 per 
cent of the total installed cost of the en- 
tire electrolytic plant which it supplies. 

As shown in Figure 4, two autotrans- 
formers supply each pot line so that the 
reliability of power supply is insured, at 
least on a reduced basis if one autotrans- 
former or its cable feed is lost. Each 
autotransformer has a continuous rating 
of two thirds of a pot line. 

By proper separation of circuits, even 
these large electrochemical installations 
may be kept within a 500,000-kva short- 
circuit capacity breaker. Normal dis- 
tribution voltage in well over 90 per cent 
of the electrochemical installations in the 
United States is 13.8 kv. 

The double bus systems shown on the 
output side of the autotransformers per- 
mit any of the six main rectifier trans- 
formers to be connected to either of the 
autotransformers. While not indicated 
in Figure 4, the double bus system per- 
mits the autotransformers to be connected 
to different bus sections with no inter- 
connections between feeders. This would 
be particularly important, if each auto- 
transformer is fed from a different bus sec- 
tion in the powerhouse, and these power- 
house bus sections are tied together 
through a synchronizing or transfer bus. 
The fact that there is no interconnection 
on the output side of the autotransformers 
avoids any possibility of by-passing the 
synchronizing bus. 

The outdoor substation supplying the 
three pot lines should logically have 45- 
degree transformers, to be consistent with 
the rectifier transformer practice. In the 
arrangement shown in Figure 4, the main 
stepdown transformers are provided with 
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init g two banks, and power transferred 
them through the transfer bus. 
The transfer bus is normally discon- 
ected and the bus sections A, B, and C 
re independent, thus localizing the effects 
short circuits and other disturbances. 
Because of the current-carrying capac- 
y required on the main outdoor trans- 
ormer bank, Figure 4 indicates that the 
elta for the secondary windings of these 
transformers is made on the metal-clad 
bus by using two 2,000-ampere, triple- 
ole breakers. This is a method fre- 
uently resorted to in order to obtain the 
ecessary current-carrying capacity in 
metal-clad switchgear. 
The system should, of course, be sup- 
lied with two-incoming high-voltage 
lines, in accordance with the standards of 
eliability required. Since interruptions 
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on the incoming high-voltage lines are the 
most frequent, the cost of high-voltage 


circuit breakers and protective relaying is 
justified. 
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Factors Affecting the Mechanical 


Deterioration of Cellulose Insulation 


F. M. CLARK 


ASSOCIATE AIEE 


Synopsis: The rate of mechanical deteriora- 
tion of cellulose insulation is dependent on 
the conditions of its use. Those factors of 
major importance are the temperature ap- 
plied and the presence of oxygen and 
moisture. Moisture even in small amounts 
greatly affects the mechanical stability of 
the cellulose insulation. In general, the 
mechanical life of the insulation is reduced 
by half for each doubling in water content. 
Deterioration promoted by oxidation is most 
effective at temperatures below 120 degrees 
centigrade and is accelerated by the presence 
of moisture. 

The rate of deterioration for substantially 
dry insulation at temperatures above 120 
degrees centigrade is dependent upon its 
previous history. Intermittent exposure to 
high temperature effects are additive. The 
“eight-degree-centigrade rule,’ indicative 
that the rate of mechanical deterioration is 
doubled for each eight-degree-centigrade in- 
crease from a base temperature of 120 de- 
grees centigrade or higher, applies most 
closely for practical use when the insulation 
under study has lost more than 50 per cent 
of its tensile strength. 


ELLULOSE insulation is widely used 

as the dielectric in high-voltage elec- 

tric apparatus. Like mineral oil with 
which it is usually associated, cellulose 
in commercial practice is subject to chemi- 
cal change to an extent which is depend- 
ent upon the conditions of its use. The 
deteriorating effects of temperature and 
oxygen are generally recognized and have 
been the subject of exhaustive research 
and discussion. The effect of moisture, 
as described in this paper, has not been 
carefully evaluated in previous studies of 
cellulose stability, despite the fact that it 
appears to play a dominant role in the 
chemical and mechanical changes ex- 
hibited by the cellulose when exposed to 
temperatures within the range encoun- 
tered in the commercial use of transformers 
and other high-voltage electric apparatus. 
As a material for insulating electric ap- 
paratus cellulose is used in a variety of 
forms. In its widest application cellulose 
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is used in the form of paper sheets or 
tapes for the insulation of conductors 
which may vary greatly in size and shape. 
In some applications it is subjected to 
relatively low electric stresses and serves 
chiefly as a spacing material for the sepa- 
ration of adjacent conductors. In other 
applications it is subject to severe elec- 
tric stress which in the case of capacitors 
and similar apparatus may be as high as 
300 or 400 volts per mil. In most of its 
uses the cellulose is impregnated with 
mineral oil or varnish or both. It may, 
on the one hand, be found in apparatus 
operating under conditions allowing more 
or less free access of air or, on the other 
hand, in apparatus where contact with air 
or other source of oxygen is substantially 
eliminated by the use of hermetically 
sealed containers or by other means. In 
all of its applications, however, it is essen- 
tial that chemical deterioration of the 
cellulose, resutting in the loss of dielec- 
tric efficiency and mechanical strength, 
shall be completely eliminated or care- 
fully controlled in order that the insula- 
tion may be able to withstand the severe 
electric and mechanical stresses set up, 
not only in the normal use of the appara- 
tus but also under short circuit or over- 
load conditions. 

One of the most difficult of all engineer- 
ing problems is the translation of labora- 
tory “‘life’ data into terms of practical 
usage. The present paper concerns itself 
entirely with laboratory data correlating 
those factors of time, temperature, mois- 
ture, and oxidation which have been 
found to be important in affecting the 
mechanical stability of cellulose insula- 
tion. The results obtained are reported 
in order to assist the engineer in his ef- 
forts to use materials efficiently. The rela- 
tive importance of the deteriorating fac- 
tors investigated can only be finally de- 
termined from a study of the results ob- 
tained under the conditions of commercial 
use. 


Objects of Investigation 


In a previous paper! it has been re- 
lated that the chemical and mechanical 
deterioration of cellulose is a complicated 
phenomenon greatly influenced by the 
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decomposition products formed as a re- 
sult of the chemical changes involved. 

Among those products are organic acids, 
water, hydrocarbons and their deriva- 
tives, and gases such as the oxides of 
carbon. It has been demonstrated that 
once initiated the chemical changes in- 
volved are accelerated to a degree de- 
pendent on the retention of the decom- 
position products. The present paper 
has as one of its objects the evaluation of 
the influence exerted by the presence 
of moisture on the mechanical stability of. 
cellulose when aged under conditions 
which do not allow the escape of the de- 
terioration products formed. 

It has already been shown? that cellu- 
lose sheets or tapes will deteriorate me- 
chanically when heated even in the ab- 
sence of oxygen. The pyrochemical ef- 
fect as contrasted to the effects of severe 
oxidation become pronounced as the tem- 
perature is raised above 120 degrees centi-_ 
grade. Cellulose when heated passes 
through a ‘‘stable period” during which 
the mechanical properties are maintained. 
The presence of oxygen is chiefly effective 
in reducing the duration of this ‘‘stable 
period.” It is a further object of this 
paper to demonstrate the effect of mois- 
ture on the duration of this “stable 
period.”’ 

Cellulose insulation as in transformers 
is subject to wide variations in tempera- 
ture. Under overload conditions local- 
ized temperatures are obtained far in ex- 
cess of those normally associated with the 
daily use of the apparatus. Engineering 
practice is to assume that the effects of 
such abnormal temperatures are additive. 
It is another object of this paper to exam- 
ine the validity of such an assumption. 
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TENSILE STRENGTH —POUNDS PER SQUARE INCH 
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Figure 1. Showing the effect of testing con- 
ditions on the mechanical stability of 0.003- 
inch Manila insulating paper when aged 
under mineral transformer oil at 100 degrees 
centigrade 
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Figure 2. The tensile strength of vacuum- 
dried and oil-impregnated 0.003-inch Ma- 
nila insulating paper as affected by aging in 
sealed containers under oil, the surface of 
which was in contact with oxygen gas 


Chemical reactions involving organic 
materials are accelerated by heat. Ina 
general sense, it is accepted that such 

; chemical reactions are increased twofold 
_ for each ten-degree-centigrade increment 
in temperature. Montsinger in previous 
_ publications* has called attention to the 
importance of properly evaluating the 
influences of temperature as a criterion 
_ of the ability of transformer insulation to 
‘withstand the effects of temporary over- 
loads encountered in the use of trans- 
formers. He has suggested the ‘‘eight- 
degree rule,” indicative that the rate of 
the mechanical deterioration of cellulose 
doubles for each eight-degree-centigrade 
rise in temperature. It is a final object of 
this paper to demonstrate the rate of cellu- 
lose deterioration as affected by tempera- 
ture increase under widely different con- 
ditions of possible use. 


Testing Technique 


Experience in the study of cellulose de- 
terioration at elevated temperature dem- 
onstrates the necessity of closely control- 
ling all those factors which have long been 
recognized as of fundamental importance 
in the study of sludge formation in min- 
eral transformer oil.*® The temperature 
must be carefully controlled. In order to 
obtain duplicate test results, the tempera- 
ture should be controlled to +0.5 degree 
centigrade. 

The testing receptacle in which the 
cellulose is aged must be carefully selected 
if reproducible results are to be obtained. 
Access of air or other gases must be con- 
trolled. The ease of escape of products 
formed as a result of the deterioration 
must be clearly described and evaluated 
in terms of practical usage. The widely 
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different results (Figure 1) accompanying 
a change in the conditioning treatment of 
the insulation or in the design of the vessel 
used for the aging only serve to empha- 
size the confusion which may arise when 
details of this type are ignored. 

In the “sealed-tube” tests hereinafter 
described, the tube is of Pyrex glass and 
measures 200 millimeters in length and 
25 millimeters in diameter. When sealed 
it has a volume of 59 milliliters. The con- 
ditioned oil and the oilimmersed paper 
insulation fill the tube to the 50-milli- 
liter mark, the remaining 9 milliliters 
being filled with the stated gas condi- 
tioned as described. The paper used is 
cut before conditioning in strips, each 
one-half inch wide and ten inches long. 
The paper used throughout this study is 
0.003-inch Manila cable paper. Ten 
strips of such paper, conditioned as de- 
scribed, are used in each test. This gives 
a ratio of approximately one-quarter 
pound of paper per gallon of oil. The 
tensile strength of the paper is determined 
in a room maintained at 65 per cent rela- 
tive humidity, 70 degrees Fahrenheit. 
The oil-impregnated papers are tested 
immediately after having been taken from 
immersion in the oil. The tensile strength 
is determined in a Schopper testing ap- 
paratus. The results reported are the 
average of ten individual tensile strength 
tests. 

The mineral oil used throughout this 
paper is a typical American transformer 
oil (58 seconds Saybolt Universal viscos- 
ity at 37.8 degrees centigrade) and is 
manufactured from Gulf Coast crude. 
Before use it is completely degassed and 
dried. During test it is saturated with 
the gas with which it is in contact, as is 
described in each particular instance. 


Moisture Determination 


The problem of determining the mois- 
ture content of cellulose sheets has been 
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-recognizedas difficult and subject to varia- 


tion because of the instability of the 
cellulose itself. Urquhart and Williams’ 
have determined that oven drying at 110 
degrees centigrade are as satisfactory as 
vacuum drying over phosphorous pen- — 
toxide at 15 degrees centigrade. Such 
methods may be well suited for roughly 
determining the water content of cellu- 
lose containing large amounts of mois- 
ture, such as is present in ordinary paper 
exposed to atmospheric conditions, but 
they fail to give accurate test values 
when the water content of the paper is 
materially reduced. 

A satisfactory method of test for de- 
termining the water content of insulating 
papers has been established as follows: 

Approximately 50 grams of paper, pref- 
erably cut into pieces about three by 
three-fourths inches in size (less weight of 
paper if suspected to be high in water 
content, more weight if suspected to be of 
low water content) is immersed quickly in 
500 milliliters of dry liquid such as mineral 
transformer oil contained in a thoroughly 
dry 1,000-milliliter round bottom flask. 
Dry nitrogen gas is passed through the 
liquid at the rate of 100 milliliters per 
minute with a fritted gas washing tube to 
obtain the best dispersion. The tem- 
perature of the liquid is raised to 110 
degrees centigrade plus or minus two 
degrees. The gas after passing from the 
liquid-paper suspension is passed through 
two liquid air-cooled traps connected in 
series where the moisture and other vola- 
tile materials are condensed. The outlet 
for the nitrogen gas is protected by a con- 
ventional drying tube to prevent suck 
back of atmospheric moisture. The nitro- 
gen gas is passed through the test flask 
for three hours after which the water col- 
lected in the liquid air traps is quantita- 
tively determined. The nitrogen gas 
treatment is repeated in three-hour 
steps at 110 degrees centigrade until all 
water has been driven from the paper 
under test. The quantitative test for the 
water collected is carried out as follows: 

Ten milliliters of an acetyl chloride 
solution in dry benzene (118 grams per 
liter of solution) are added to a dry 250- 
milliliter glass stoppered flask and cooled 
in anice bath. Two milliliters of dry py- 
ridene are added dropwise to the acetyl 
chloride solution with continual shaking. 
A white precipitate of acetyl chloride- 
pyridene complex is formed. 

The frozen condensate in the traps is 
dissolved in 25 cubic centimeters of dry 
acetone and added to the cold acetyl 
chloride-pyridene complex. The acetone 
is added in 5-5-2.5-2.5 milliliter portions 
to the first trap and in 5-2.5-2.5 milliliter 
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Figure 3. The tensile strength of vacuum- 


dried and oil-impregnated 0.003-inch Ma- 

nila insulating paper as affected by aging in 

sealed glass containers under oil, the surface 
of which was in contact with oxygen gas 


portions to the second trap. The stop- 
pered flask is then removed from the ice 
bath and allowed to stand at least 15 and 
not more than 30 minutes with occasional 
‘shaking out of contact with direct sun- 
light. Four milliliters of dry ethyl alco- 
hol are added and the mixture is well 
shaken. Sixteen milliliters more of dry 
ethyl alcohol are then added and after 
being shaken and allowed to stand for 
five minutes, the mixture is titrated with 
0.5 normal sodium hydroxide to a phenol 
phthalein end point. A blank test is run 
with all conditions identical in order to 
correct for residual moisture in the re- 
agents and apparatus. The amount of 


moisture in the paper, expressed in terms 


of its dry weight is then calculated. 

Using this procedure definite and re- 
producible test results have been ob- 
tained. Care must be taken, however, to 
avoid decomposition and subsequent 
removal of the “water of constitution” 
from the cellulose sheet. If the analysis 
be carried beyond the point at which 
the water evolution from the paper drops 
to zero, subsequent heating will result 
eventually in some decomposition of the 
cellulose! The formation of water as a 
result of this decomposition will obscure 
the real moisture content determination. 

The determination of the moisture con- 
tent of a cellulose sheet is difficult and 
fraught with many technical pitfalls. 
The method described gives results which 
appear lower than those heretofore re- 
ported for mineral oil-treated cellulose 
insulation." Pending further experi- 
mental data, the moisture contents de- 
scribed in subsequent paragraphs might 
well be considered as ‘“‘relative” rather 
than as fixed and absolute values. Such 
a precaution in no wise diminishes the 
importance of the studies demonstrating 
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the marked effect of moisture 6n the me- 
chanical life of the cellulose insulation. 


Expression of Test Results 


Because of its greater degree of re- 
producibility, the tensile test has been 
adopted as the gauge of mechanical 
strength of the cellulose sheet and its 
rate of deterioration. Typical time rela- 
tionships are illustrated in Figure 2. Be- 
cause of the difficulty in clear presenta- 
tion, however, such relations are not gen- 
erally used in this paper. The semiloga- 
rithmic relationship between the tensile 
strength and the duration of aging have 
been found to be better suited for clear 
presentation (Figure 3). 


The Effect of Temperature 


There are many technical processes 
which employ cellulose products at high 
temperature. This has led to the initia- 
tion of many researches concerned with 
the stability of cellulose products over 
short periods of heating. The general 
conclusion reached has been that cellu- 
lose suffers some decomposition at tem- 
peratures above 150 degrees centigrade. 
The problem of the insulation engineer 
however is the problem of time and tem- 
perature. The stability of cellulose dur- 
ing short periods of heating’? are fre- 
quently misleading. Knecht has shown 
that, when cotton is heated for 336 hours 
at 80 degrees centigrade, chemical changes 
occur which endow the cellulose with re- 
ducing powers. It is the effect of these 
often overlooked chemical changes, cul- 
minating in mechanical deterioration, 
with which this paper is concerned. The 
time of heating is obviously of impor- 
tance. 

The effect of time and temperature 
over the range from 75 to 200 degrees cen- 
tigrade on the tensile strength of vacuum- 
dried and oil-impregnated 0.003-inch 
Manila paper is illustrated in Figure 2. 
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Figure 4. The tensile strength of vacuum- 
dried and oil-impregnated 0.003-inch Ma- 
nila insulating paper as affected by aging in 
sealed glass containers under oil, the surface of 
which was in contact with nitrogen gas 


During the aging runs the insulation was 
immersed in dry oil in sealed Pyrex glass 
tubes, the surface of the oil being in con- 
tact with oxygen as already described. 
The semilogarithmic relation of tensile 
strength and time of heating is illustrated 
in Figure 3. Figure 4 illustrates similar 
data for vacuum-dried, oil-impregnated 
0.003-inch Manila paper, the surface of 
the oil in which the paper is immersed 
being in contact with dry nitrogen gas. 
The marked effect of temperature on the 
mechanical stability of Manila paper is 
illustrated in Figure 5 which shows the 
“50 per cent life’’ in tensile strength over 
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Figure 5. Showing the marked effect of tem- : 
perature increase above 75 degrees centi- 
grade in the mechanical life of vacuum-dried 
and oil-impregnated 0.003-inch Manila in- 
sulation paper when aged in sealed glass con- 
tainers under oil, the surface of which was in 
contact with oxygen or nitrogen gas as 
indicated 
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Figure 6. The rate of mechanical deteriora- 

tion of vacuum-dried and oil-impregnated 

0.003-inch Manila paper becomes more sen- 

sitive to temperature increase as the deteriora- 
tion progresses 


The effect is most pronounced when the tem- 
perature of test is below 120 degrees 
centigrade 


the temperature range from 75 to 200 de- 
grees centigrade. It is clearly evident 
that as the temperature rises above 75 
" degrees centigrade the deterioration pro- 
_ceeds at a rapidly increasing rate. It is 
_the proper evaluation of this rapidly in- 
creasing rate of deterioration which is of 
fundamental importance in the applica- 
tion of cellulose insulation in high-voltage 
electric apparatus. 

Inspection of the data presented in Fig- 
ures, 2, 3, 4, and 5 at once leads to the 
conclusion that the rate of mechanical de- 
terioration of Manila insulating paper 
cannot be expressed in terms of any single 
temperature expression. Figure 6 plots 
as a semilogarithmic expression the rela- 
tion between the deteriorating mechanical 
strength and that temperature rise which 
is necessary in order to produce a twofold 
increase in the mechanical deterioration 
over the temperature range shown. For 
temperatures in the range from 75 to 100 
degrees centigrade the effect of tempera- 
ture change is extremely marked, whether 
the deterioration be produced in the pres- 
ence or absence of oxygen. In this range, 
an increase in temperature of but 2.4 
degrees centigrade will reduce the total 
life of the insulation by half. With tem- 
peratures of 120 degrees centigrade and 
higher, however, the deterioration is less 
sensitive to temperature increase. To 
double the rate of deterioration for these 
higher temperatures (reduce the total 
life by half), an increase ranging between 
approximately seven and ten degrees 
centigrade is necessary. The relation of 
the temperature of the aging to that tem- 
perature increase necessary to produce a 
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twofold rate of deterioration when the 
tensile strength has been reduced to 50 
per cent and zero per cent of its initial 
value is illustrated in Figure 7, The so- 
called “‘eight-degree rule’ suggested by 
Montsinger is a good practical compro- 
mise for the higher temperatures of use 
(120 degrees centigrade and higher) when 
the tensile strength has been reduced to 
less than about 50 per cent of the initial 
value. 


The Effect of Oxygen 


The problem of evaluating the practical 
effect of oxygen on the mechanical 
strength of cellulose insulation during the 
normal use of a transformer or similar 
apparatus is difficult, because of the wide 
differences in transformer designs. The 
transformer designs of greatest impor- 
tance for consideration, however, are the 
hermetically sealed type containing a gas 
cushion and the conservator type. Each 
of these has a limited supply of available 
oxygen. In the conservator transformer 
the amount of oxygen is limited to that 
carried into the transformer as an air 
solution in the mineral oil. 

In the hermetically sealed 
transformer the amount of 12 
oxygen is limited to that * 


within the transformer is negligible if the 
mineral oil is properly deaerated before 
the transformer is sealed. 

In the laboratory study of the effects of 
oxidation on the mechanical strength of 
the cellulose insulation, an attempt has 
been made to exaggerate the hermetically 
sealed transformer design. The sealed 
tubes have been filled with oil and the oil- 
immersed insulation to 85 per cent of the 
volume. The gas cushion occupies the re- 
maining 15 per cent of the volume. These | 
are the approximate relationships of oil 
to gas volumes in the average hermetically 
sealed transformer. The effect of oxida- 
tion has been exaggerated by the use of 
pure oxygen in the gas space. Pure oxy- 
gen has been used to exaggerate the oxi- 
dation possibilities, since in a previous 
publication? the presence of air has been 
demonstrated to be of negligible oxidation 
effect within the duration of the labora- 
tory tests made. The use of this type of 
test arrangement is considered to be more 
severe than the conditions which are met 
in either the conservator or the hermeti- 
cally sealed type of oil-filled transformer. 

It has been suggested!!? that the effect 
of oxygen on the mechanical deterioration 
of oil-treated cellulose insulation involves 
consideration of the acids formed as a re- 
sult of the oxidation of the oil itself. In 
a general sense this is true. Therefore, 
since the most corrosive acids formed both, 
from the oil oxidation and from the oxi- 
dation of the cellulose are volatile at the 
temperature of the tests described, sealed 
containers have been used for the aging 
study. This insures that all products of 
decomposition and oxidation, whether 
from the oil or from the cellulose, are re- 
tained within the test receptacle. From 
the practical standpoint this procedure is 
justified, since the mechanical deteriora- 
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the transformer is sealed. 
When this gas cushion con- 
sists of nitrogen gas, the 
amount of oxygen available 
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Figure 8. The elimination of oxygen increases 

the initial stability of vacuum-dried and oil- 

impregnated 0.003-inch Manila paper over 

the temperature range 75-100 degrees centi- 
grade 


The total life of the insulation, however is 

progressively less affected by the elimination 

of oxidation as the temperature of the aging 
is increased 


tion reported therefore includes considera- 
tion of the accumulated effects of all the 
oxidation and decomposition that occurs. 

In a previous publication? it was con- 
cluded that the ‘‘single effect of oxidation 
was restricted to the initial periods of 
treatment at temperatures lower than 120 
degrees centigrade. At higher tempera- 
tures pyrochemical decomposition occurs 

.’ The data presented extend and sup- 
port this conclusion and indicate that the 
major effect of oxidation is produced when 
the insulation is exposed to the lower test- 
ing temperatures. At 75 degrees centi- 
grade the deterioration due to oxidation 
becomes more pronounced as the mechani- 
cal aging progresses. At higher tempera- 
tures the pyrochemical decomposition of 
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Figure 9. The mechanical aging of vacuum- 
dried, oil-treated, and oil-immersed 0.003- 
inch Manila insulating paper at 150 degrees 
centigrade in the presence of nitrogen gas is 
an additive function of the total period of 
heating when intermittently applied 
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the cellulose tends to reduce the effects 
of oxidation. 

Figure 8 illustrates the effect of oxida- 
tion on the deterioration of the vacuum- 
dried and oil-impregnated 0.003-inch 
Manila paper for two degrees of deteriora- 
tion. Curve A illustrates the increased 
life of the insulation which is obtained as 
a result of the elimination of oxidation 
when the mechanical strength has been 
reduced to 89 per cent of its initial tensile 
strength. This value corresponds roughly 
to the end of the ‘‘stable period.’’ The 
effect of oxygen elimination increases with 
the temperature of the exposure. This 
supports the conclusion that the duration 
of the “‘stable period”’ is reduced by oxida- 
tion processes. When, however, the total 
life of the insulation is considered (tensile 
strength zero), curve B supports the con- 
clusion that the occurrence of pyro- 
chemical decomposition during the later 
stages of the cellulose aging becomes more 
pronounced with the higher testing t  m- 
peratures and reduces the beneficial ef- 
fects normally associated with the elimi- 
nation of oxygen. 


Intermittent Aging 


The total aging of cellulose insulation 
when exposed intermittently to high tem- 
peratures necessarily includes the deterio- 
ration which occurs during the heating 
and cooling periods. To determine 
whether the intermittent application of 
high temperature is strictly additive, the 
insulation contained in the sealed glass 
tubes was heated as rapidly as possible by 
immersion in an oil bath maintained con- 
tinuously at 150 degrees centigrade, and 
cooled rapidly by transfer to an oil bath 
maintained continuously at 25 degrees 
centigrade. This reduced the effect of the 
heating and cooling periods to a mini- 
mum. The effect of such intermittent 
heating and cooling on the tensile strength 
of vacuum-dried, oil-impregnated, 0.003- 
inch Manila insulating paper aged under 
mineral transformer oil at 150 degrees 
centigrade is illustrated in Figures 9 and 
10. The intermittent aging relation was 
obtained by heating the insulation at 150 
degrees centigrade for four equal periods 
of time. Between these heating periods 
the insulation was maintained at 25 de- 
grees for 24 hours. In the absence of oxy- 
gen, the effect of intermittent heating has 
been found to be strictly additive within 
the limits of experimental error (Figure 9). 
In the presence of oxygen (Figure 10) the 
additive effect again appears to be within 
the limits of experimental error until the 
insulation has lost approximately 50 per 
cent of its initial tensile strength. Fora 


Clark—Deterioration of Cellulose Insulation 


= 


A 


aie 
6) 
Zz 
WwW 
a 
$ 
o 
2) 
a 
Ww 
a 
172) 
(a) 
zZ 
2 
fo) 
a 
| 
pus 
kK 
10) 
PA 
WwW 
a 
t= 
n 
iW 
J 
WwW 
= 


fe} 4 8 l2 16 20 
DAYS AGED AT 150°C 


Figure 10. The effect of intermittent heating 

at 150 degrees centigrade on the mechanical 

strength of vacuum-cried, oil-treated, and oil- 

immersed’ 0.003-inch Manila insulating paper 
in the presence of oxygen 


greater degree of deterioration the effect 
of intermittent aging appears less than 
additive, although the differences ob- 
served do not appear of major signifi- 
cance. Pending further investigation, it is 
concluded that the results obtained jus- 
tify the engineering practice which con- 
siders the effects of intermittent heating 
at high temperature to be additive. 


The Eect of Moisture on the 
T nsile Strength 


Inspection of the data presented (Fig- 
ure 6) correlating the effect of tempera- 
ture on the rate of mechanical deteriora- 
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Figure 11. Showing the effect of moisture 
retained by cellulose in its normal condition 
on the mechanical stability of 0.003-inch 
Manila insulating paper during an aging vun 
at 100 degrees centigrade in sealed glass tubes 


During the aging the insulation is held under 
mineral transformer oil, the surface of which is 
in contact with nitrogen gas 
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Figure 12. Illustrating the color darkening 
which accompanies the mechanical deteriora- 
ion obtained when 0.003-inch Manila paper 
is aged in sealed tubes for two weeks at 120 
degrees centigrade in the presence of moisture 


Samples 282, 294, and 306—paper aged after 
having been vacuum dried and impregnated 
with mineral transformer oil, the surface of 
_ which is in contact with oxygen, nitrogen, and 
air respectively 

Esarrples 258, 270, and 318—paper aged 
immersed in mineral transformer oil without 
previous drying, the oil being in contact with 

oxygen, nitrogen, and air respectively 


“tion leads to the observation.that as the 
"deterioration progresses it becomes more 
sensitive to temperature change. Thus, 
é although in the early stages of heating, 
: the paper deterioration increases approxi- 
mately twofold for each seven to ten de- 
grees centigrade rise in temperature, when 
the tensile strength has been reduced to 
as low as 25 per cent of its initial value, 
the rate of deterioration doubles for an 
increase of only about 2.4 to 9 degrees 
centigrade, depending on the testing tem- 
perature. This acceleration of the de- 
terioration has been traced! to the effect 
of decomposition products retained in 
the body of the cellulose. Among such 
decomposition products is water. Because 
of the ability of water through ionization 
and otherwise to activate many of the 
products (acids and acidic materials) 
formed when cellulose undergoes deterio- 
ration, it is not unexpected to find that 
the mechanical strength of cellulose insu- 
lation is affected by the presence of mois- 
ture in even small amounts. Figure 11 
illustrates the greater stability in the 
tensile strength of 0.003-inch Manila in- 
sulating paper which is obtained when the 
insulation is freed of its moisture before 
exposure to high temperature. In one 
instance the paper is heated under oil at 
100 degrees centigrade without vacuum 
drying. In the other instance the paper 
is first vacuum dried to a low moisture 
content. The greater mechanical insta- 
bility of the undried paper is accompanied 
by other visual evidence of greater chemi- 
cal change. In contrast to the dried 
paper, the undried insulation after aging 
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is darkened, reacts acidic, and smells 
strongly of a caramel odor, characteris- 
tic of overheated cellulose, Figure 12 il- 
lustrates the marked darkening in color 
which accompanies the greatly acceler- 
ated mechanical deterioration in the cel- 
lulose sheet when aged in the presence of 
moisture, even though the possibility 
of oxidation be eliminated by the use of 
nitrogen gas. 

The data of Figure 11 are obtained as a 
result of an aging run in sealed glass 
vessels. It is suggested that the extreme 
variations reported in Figure 1 are due 
to the difference in the design of the aging 
vessel. On the one hand, the moisture 
and other volatile products originally pres- 
ent or formed during the test were al- 
lowed easy escape since the vessel was 
open to the air. On the other hand, the 
moisture and volatile products were com- 
pletely retained in the sealed tube during 
the aging run. The wide difference in 
the test results reported in Figure 1 and 
in Figure 11 illustrates the wide variation 
which can be expected when the insulation 
is aged without careful attention to all 
of the conditions affecting the chemical 
stability of the cellulose. Not the least 
of these conditions is its moisture content. 


The Effect of Moisture on the Rate 
of Deterioration as Affected by 
Temperature and Oxidation 


The presence of moisture in cellulose 
insulation is of such importance in its 
effect on the mechanical stability at high 
temperature that it tends to modify the 
relationships set up for the dried insula- 
tion. To illustrate this, 0.003-inch Ma- 
nila insulating paper containing 1.5 per 
cent moisture has been immersed in oil 
and aged at 100 and 120 degrees centi- 
grade in sealed glass tubes of the type al- 
ready described, the surface of the oil 
being in contact with oxygen or nitrogen 
gas. The results obtained are illustrated 
in Figure 13. 

It has already been shown in Figure 8 
that with dry insulation the presence of 
oxygen produces its maximum effect on 
the total life of the 
insulation when 


the total life is increased about 2.5 times 


when an inert gas such as nitrogen is sub-. 
stituted for oxygen, thereby eliminating 
substantially all of the deterioration at- 
tributed to oxidation. When, however, 
there is a substantial amount of moisture 
present, its deteriorating influence ac- 
centuates the effect of oxidation. Figure 
14 based on the data of Figure 13 demon- 
strates that in the presence of moisture 
the elimination of the oxidation reaction 
at 100 degrees centigrade has a more 
pronounced effect than is associated with 
elimination of oxygen on the life of the 
dried paper insulation. 

In like manner, the effect of tempera-. 
ture increase on the aging of Manila in- 
sulating paper is materially modified by 
the presence of moisture. The deteriora- 
tion becomes less sensitive to temperature 
change. This is illustrated in Figure 15. 


Quantitative Effects of Moisture 


The quantitative study of the effects 
of moisture on the mechanical aging of 
cellulose is made difficult by the fact that 
the equilibrium which exists between the 
amount of water retained by the cellu- 
lose and that present in the mineral trans- 
former oil in which it is immersed shifts 
with changes in temperature.2 The 
higher the temperature, the less water is 
retained by the cellulose. In the data re- 
lating to the water content of the cellu- 
lose in this and subsequent sections, the 
value given is the total water content of 
the oil and cellulose insulation within the 
sealed container at 25 degrees centigrade. 
At this temperature under the experi- 
mental conditions existing, substantially 
all of the water present is held by the 
cellulose and is so reported. 

In order to eliminate the effects of oxi- 
dation which vary with the temperature 
of aging and the moisture content of the 
cellulose insulation, a typical set of test 
results, describing the deterioration of 
oil-impregnated and oil-immersed 0.003- 
inch Manila paper aged at 120 degrees 
centigrade in the presence of nitrogen, is 
selected to demonstrate the influence of 
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Figure 14. The importance of oxidation in 
promoting the mechanical deterioration of 
0.003-inch Manila insulating paper is ma- 
terially increased when the aging of the oil- 
treated and oil-immersed insulation is carried 
out in sealed tubes in the presence of moisture 


moisture. The insulation was first vac- 
uum dried at 100 degrees centigrade for a 
period of time ranging from less than one 
hour to more than 100 hours, after which 
it was impregnated with gas-free, dry 
mineral transformer oil and sealed at 
once in glass vessels partially filled with 
the oil and oil-immersed insulation as 
already described. The gas with which 
the oil was saturated and with which the 
oil surface was in contact was dry nitro- 
gen. The water content of the assembly 
was determined at the start of each aging 
run. The effect of moisture was marked. 
The total life of the insulation was re- 
duced from a total of 3,700 hours (22 
weeks), characteristic of the well-dried 
insulation, to a life of less than 100 hours 
(0.6 week), when the paper was substan- 
tially undried and contained about eight 
per cent moisture. Figure 16 represents 
the relationship found to prevail in a typi- 
cal series of test results obtained simul- 
taneously. As illustrated in Figure 17, 
there exists a logarithmic relation between 
the water content of the cellulose insula- 
tion and that period of time necessary to 
produce a given amount of mechanical 
deterioration in the cellulose sheet when 
aged at 120 degrees centigrade under the 
conditions applied. 

In a previous paragraph it has been 
demonstrated that the effect of oxidation 
during the mechanical aging of cellulose 
insulation materially shortens the ‘“‘stable 
period” during which the insulation can 
be heated at high temperature without 
evidence of mechanical deterioration. 
The effect of the initial water content of 
the cellulose of this “stable period” has 
been found to be negligible. In Figure 16 
the stable period is shown to be approxi 
mately 40 hours, irrespective of the initial 
water content of the Manila insulating 
paper. Since oxidation is effective in de- 
termining the length of this ‘‘stable 
period” it is at once obvious that other 
testing factors which affect the oxidation 
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Figure 15. The presence of moisture in in- 
completely dried, oil-treated and oil-im- 
mersed 0.003-inch Manila insulating paper 
exaggerates the effect of temperature increase 
from 100 to 120 degrees centigrade during 
the major part of the mechanical life 


The greater initial resistance to temperature 
increase characteristic of the well-dried insu- 
lation, however, is reduced as the result of 
water formation as the deterioration progresses 


reaction are of importance in determining 
its duration. 

Because of the importance of mechani- 
cal stability in many of the dielectric ap- 
plications of cellulose in electrical appara- 
tus, the marked influence of moisture on 
the mechanical life of the insulation as- 
sumes practical value. Cellulose is a 
hygroscopic material and rapidly absorbs 
moisture from the surrounding medium.® 
The absorption of this moisture is ef- 
fective in determining the subsequent 
rapidity in mechanical deterioration. 
From the data of Figure 16 it is obvious 
that, when oxidation is eliminated, the 
absorption of even small amounts of 
moisture by the dry insulation will ma- 
terially reduce its mechanical life. Con- 
versely, it is obvious that the absorption 
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of relatively large amounts of moisture 
will have less effect on the aging of the 
improperly dried insulation. The rela- 
tionship is illustrated in Figure 18. 

To double the rate of mechanical de- 
terioration in oil-treated and oil-immersed 
Manila paper in the absence of oxidation, 
the amount of moisture addition neces- 
sary is dependent upon the degree of de- 
terioration which is selected for study. 
The total life of the insulation is halved 
(the deterioration rate doubled) by the 
addition of water equal to approximately 
100 per cent of that originally present in 
the insulation. Thus, with a water con- 
tent of 0.05 per cent, the life of oil-treated 
and oil-immersed Manila paper in the 
absence of oxygen is approximately 4,000 
hours. With the absorption of an equal 
amount of moisture to give a total water 
content of 0.10 per cent, the total life of 
the insulation at 120 degrees centigrade 
is reduced to about 2,000 hours, On the 
other hand, to reduce by half the total 


Figure 16. The effect of moisture content on 

the mechanical life of oil-impregnated and oil- 

immersed 0.003-inch Manila insulating paper 

when aged at 120 degrees centigrade in 

sealed glass containers, the oil surfate being 
in contact with nitrogen gas 
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Figure 18. The elimination of moisture from 

cellulose insulation before being subjected to 

high temperature produces a rapidly increasing 

life as the moisture content is reduced below 
three per cent 


Data based on the ultimate life values illustrated 
in Figure 16 


life of the same insulation containing 3.16 
per cent water from its value of 140 hours 
aged at 120 degrees centigrade, the addi- 
tion of approximately 4.4 per cent more 
water is necessary. The relationship be- 
tween the degree of mechanical deteriora- 
tion of the oil-treated and oil-immersed 
0.003-inch Manila insulating paper and 
the amount of moisture necessary to 
double the rate of deterioration (halve the 
life) in the absence of oxidation is shown 
in Figure 19. 

Figure 19 is of importance. It demon- 
strates that as the point of mechanical 
strength selected for comparison ap- 
proaches the original tensile strength of 
the insulation, the effect of water addi- 
tions is reduced in the absence of oxygen, 
that is, greater water additions are 
necessary to reduce the life by half. 
This supports the observation that the 
“stable period,” the length of time 
that the material can be heated without 
apparent mechanical change, is not 
greatly affected by changes in the water 
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Figure 17. Under the conditions of test applying for the data of Figure 

13, the water content of the cellulose insulation bears a logarithmic 

relation to the period of heating necessary to produce a given amount 
of mechanical deterioration 


mal) 
eet 
0 (Lt 


0.01 


‘PER CENT OF INITIAL TENSILE STRENGTH 


Figure 19. 


1000 2000 5000 


Pa Memo alot EL 
Pn 2 CTI ZA 


f| 
oe 


INSULATION—*G 


fe) 
PER CENT MOISTURE 


| | ite} 
ADDITION NECESSARY TO DOUBLE RATE OF DETERIORATION 


Illustrating the semilogarithmic relation which exists be- 
tween the degree of mechanical deterioration of oil-treated and 
oil-immersed 0,003-inch Manila insulating paper and the amount 


of moisture addition necessary to double the rate of deterioration 


content of the insulation. Figure 19 also 
indicates that the effect of water additions 
becomes more pronounced as the degree of 
deterioration of the insulation progresses. 
This supports the observation that those 
reagents active in promoting mechanical 
deterioration include acidic products 
formed as a result of the initial chemical 
changes, the action of which is made more 
severe because of the presence of moisture. 


Summary Conclusions 


The general conclusions which are 
drawn from this investigation are: 


1. The rate of mechanical deterioration in 
cellulose insulation depends on the condi- 
tions of its use. Among those factors of 
major importance are the temperature ap- 
plied and the presence of oxygen and mois- 
ture. 


2. As the temperature is raised above 75 
degrees centigrade, the mechanical deterio- 
ration of cellulose insulation proceeds at a 
rapidly increasing rate. 


3. Oxidation is most effective on the total 
mechanical life of the cellulose when the 
insulation is aged at temperatures below 
120 degrees centigrade. 


4. The effect of intermittent heating at 
150 degrees centigrade on the mechanical 
deterioration of cellulose insulation is 
additive. 


5. The mechanical life of a cellulose sheet 
is radically reduced when the water content 
of the dry insulation is increased in amount 
up to approximately 0.5 per cent of its dry 
weight. In general terms, the mechanical 
life of cellulose insulation is reduced by half 
for each 100 per cent increase in water con- 
tent. 


6. The effect of oxidation on the mechanical 


life of cellulose insulation becomes more pro- 
nounced in the presence of moisture. 


7. The rate of deterioration for the sub- 
stantially dry insulation as affected by tem- 
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(halve the life) when heated in sealed glass vessels, the surface of the 
oil being in contact with nitrogen gas 


perature increase above 120 degrees centi- 
grade is dependent upon its previous history. 
The “eight-degree rule,” indicative that the 
rate of mechanical deterioration is doubled 
for each eight-degree-centigrade increase | 
from a base temperature of 120 degrees 
centigrade or higher, applies most closely 
for practical use when the insulation under 
study has lost more than 50 per cent of its 
initial tensile strength. 
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: Steady-State Theory of the Amplidyne 


Generator 


TROY D. GRAYBEAL 


ASSOCIATE AIEE 


Synopsis: The fundamental steady-state 
theory of the amplidyne generator is pre- 
sented in this paper together with methods 
for calculating the characteristics of the 
generator from the machine constants. Ex- 
perimental data obtained on a test machine 
are compared with calculated results to 
show the accuracy of the methods and to 
substantiate the theory. The effects of such 
factors as brush losses, commutation, and 
overcompensation and undercompensation 
on the operation of the generator are ex- 
plained. Overcompensated and undercom- 
pensated machines are treated from the 
standpoint of both steady-state operation 
and electrical stability. Methods are given 
for the determination of the machine con- 
stants from open-circuit and short-circuit 
tests performed on the machine. This 

' method offers the advantage that the ma- 
chine constants so determined apply for 
_actual conditions of operation and need not 
be modified to include the effects of such fac- 
tors as brush and commutation losses, eddy 
currents, and hysteresis. 


HE amplidyne generator which has 

found wide industrial application in 
various types of control apparatus is 
closely related from the standpoint of 
operating principle to the Rosenberg 
generator and the metadyne, differing 
principally in the manner in which it is 
used. The Rosenberg generator is a con- 
stant current source of d-c electrical 
energy; the metadyne in its usual form is 
a machine for converting constant poten- 
tial d-c energy into constant current d-c 
energy, while the amplidyne generator is a 
dynamoelectric power amplifier. 

One of the outstanding features of the 
Rosenberg generator is that the open- 
circuit output voltage varies with the 
square of the speed for constant field ex- 
citation.? Therefore, the polarity of the 
machine is independent of the direction of 
rotation. When the terminal voltage is 
maintained constant, by a storage bat- 
tery, for instance, the output current is 
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essentially independent of the speed for 
very wide limits of speed variation. Be- 
cause of these particular properties, this 
generator in conjunction with storage 
batteries has been widely used for train 
lighting service.'%4 

Although the Rosenberg machine was 
first described in 1905,! apparently little 
was known as to the variety of character- 
istics this type of machine would assume if 
other coils in addition to the primary field 
were used in providing excitation. An 
investigation of this nature, conducted by 
J. M. Pestarini in France and published in 
1930,°-7 led to the conception of the 
metadyne. As defined by Mr. Pestarini, 
the metadyne is a generalized d-c machine 
consisting of a d-c armature and commu- 
tator, any number of field poles each of 
which may be excited in any manner, and 
any number of brushes arranged to bear 
on the commutator in positions for which 
satisfactory commutation can be ob- 
tained. In accordance with this defini- 
tion, all rotating d-c machines including 
the ordinary d-c generator are metadynes. 
In common usage, however, the term 
“metadyne”’ refers only to those several 
forms of d-c machine which convert con- 
stant potential energy into constant cur- 
rent energy. The ‘‘figure-eight-con- 
nected”’ metadyne was found suitable for 
electric locomotive control and was suc- 
cessfully applied to many of the electric 
railways in France® and later to electric 
trafic systems in England.®*® Modifica- 
tions of this general scheme have been 
used in this country for control of the 
locomotives of modern streamlined trains. 

Investigation by the General Electric 
Company of possible applications of dif- 
ferent forms of the metadyne to the con- 
trol of industrial apparatus led to the de- 
velopment of the amplidyne genera- 
tor.!2—!4. This machine, which falls into 


the general class of metadynes designated 


as “‘cross-connected,” represents a gen- 
eralization of the Rosenberg:generator in 
which the field poles are excited by several 
coils supplied from different sources either 
internal or external to the machine. 

The amplidyne generator is used princi- 
pally as an element of control mechanisms 
and plays a part similar to that of the 
ordinary vacuum tube. It absorbs weak 
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current or voltage signals, amplifies them, 
and delivers them to the next unit of the 
control mechanism at a greatly increased — 
power level. This machine offers the 
principal advantage that it may be built 
at very reasonable cost to deliver large 
power outputs. On the other hand, it is 
limited in application because of its com- 
paratively slow speed of response. The — 
time lag between a change in the input 
signal and the corresponding change in the 
output is comparatively large, because the — 
machine consists entirely of highly induc- 
tive circuits. Its chief field of application — 
is in control mechanisms operating on d-c 
or very low-frequency a-c signals. Essen- 
tially, the maximum available output 
voltage varies inversely with the square of 
the frequency of the applied signal. 

The amplidyne generator is applicable 
to both “open’’ and ‘‘closed-cycle” con- 
trol. The greater field, however, is. in 
closed-cycle-control mechanisms because 
of certain inherent differences between the 
two types, as well as the more general use 


Essential elements and connections 
of the amplidyne generator 


Figure 1. 


in recent years of closed-cycle control. 
“Open” control is that type of automatic 
control in which the quantity (time, volt- 
age, displacement, and so forth) which 
actuates the control mechanism is essen- 
tially independent of the control opera- 
tion. A simple example of this type is the 
automatic-starting compensator used for 
starting induction motors, synchronous 
motors, and so forth. These devices 
initially connect the machine terminals to 
a reduced voltage supply. By means ofa 
time relay full line voltage is applied to 
the machine after normal speed is at- 
tained. This mechanism is a time-oper- 
ated open-control device since it allows a 
definite time independent of acceleration ~ 
for the starting period. ‘‘Closed-cycle” 
control is that type of automatic control 
in which the quantity which actuates the 
control mechanism is affected by the con- 
trol operation. A good example of this 
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type is automatic ship steering. Here, 
the angle between the ship compass and 
the hull is used to control the rudder, and 
this angle in turn is affected by the rudder 
operation. 
In the first type of control the source of 
the controlling quantity usually has suffi- 
cient power to operate the control mecha- 
nism directly. In the second type the 
5 z 
‘source of control usually is some form of 
“measuring instrument which seldom can 
deliver any appreciable amount of power. 
Therefore, the original signal must be 
amplified in order that sufficient power be 
available to drive the control mechanism. 
The amplidyne generator provides a very 
satisfactory means of obtaining the neces- 
sary power amplification when a d-c con- 
trol signal is used, and when a large 
amount of power is required to drive the 
control mechanism. 

Closed-cycle-control mechanisms usu- 
ally operate on the difference of two 
quantities, that is the difference between 
the desired quantity and the quantity 
which actually results from the output of 
the control mechanism. In the ideal case 
this difference would be zero, but this 
result is never obtained in practice. 
Comparison with the ideal, however, fur- 
nishes a standard by which the actual 
operation of the control mechanism may 
be judged. 

In studies of the operation of a control 
mechanism the over-all behavior of the 
complete system including all main and 
control units must be analyzed, and the 
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Figure 2 (left). Cal- 
culated curves illus- 
trating the nature of 


individual units so designed and adjusted 
that stable operation of the entire system 
is obtained. 
operation must be compared with that of 
the ideal in order that actual working 
tolerances may be kept to a satisfactory 
minimum. It is essential, therefore, that 
the operation of each individual unit, par- 
ticularly in the control system, be expres- 
sible in simple quantitative terms. The 
load-voltage characteristic equation of the 
amplidyne generator (equation 14 of the 
appendix) defines the over-all operation of 
this machine and may be used in such 
analyses. It is valid for any type of load 
supplied by the generator, provided that 
the range of operation on the magnetiza- 
tion curve is sufficiently low that satura- 
tion effects are negligible. In most con- 
trol applications this condition would be 
fulfilled, since a linear relationship be- 
tween the signal and the output from the 
amplifying unit is usually desirable. 

In instances where satisfactory opera- 
tion is not attained for one reason or 
another, a comprehensive knowledge of 
the behavior of the various units com- 
prising the control mechanism is necessary 
in order that proper adjustments or modi- 
fications may be made. Other character- 
istics of the amplidyne generator such as 
the variation of voltage and short-circuit 
current with speed and the effects of vari- 
ous coils on these characteristics provide 
this information. Overcompensation 
and undercompensation are necessary con- 
siderations, because these factors influence 
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the stability of the machine. Generally 
speaking, overcompensation results in a 
higher output for the same signal input 
but causes inherent tendencies toward 
instable operation. 

The essential electric elements of the 
amplidyne generator are an ordinary d-c 
armature and commutator, two complete 
sets of brushes spaced 90 electrical degrees 
apart, and windings connected as shown 
in Figure 1. The signal to be amplified, 
usually direct current, is applied to coil s. 
Current in this coil gives rise to a flux in 
the main axis of the machine, that is in the 
axis in line with the brushes AA’. Mo- 
tion of the armature conductors in this 
flux generates a voltage in the cross axis, 
that is between the brushes BB’. Since 
these brushes are connected electrically, a 
current flows which produces a flux in the 
cross axis by virtue of armature reaction. 
The coil gB may be omitted in an actual 
machine but is included in the figure, since 
commutating poles used to secure good 
cross-axis commutation produce an effect 
on the machine constants similar to that 
of the coil gB. If present, this coil may 
be connected so as to add to or subtract 
from the magnetomotive force produced 
by the current flowing in the armature 


coils. The armature rotating in the cross- 


Figure 5. Calculated curves illustrating the 

nature of the load characteristics of the ampli- 

dyne generator and the effect of different 

degrees of main-axis compensation on these 
characteristics 
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axis flux gives rise to a voltage in the main 
axis which appears between the brushes 
AA’. This is the source of the output 
voltage of the machine. The purpose of 
the coil dA is to compensate for armature 
reaction in the main axis. 


Open-Circuit Characteristics 


The open-circuit or no-load character- 
istics of the amplidyne generator are ex- 
pressed by equations 8, 9, and 10 of the 
appendix. The signal current is a func- 
tion only of the signal voltage and the re- 
sistance of the signal coil. The cross-axis 
current varies linearly with the speed, and 
the output voltage varies with the square 
of the speed. The nature of these charac- 
teristics is illustrated by the calculated 
curves of Figure 2. The cross-axis cur- 
rent and the output voltage on open cir- 
cuit are independent of the number of 
turns in the compensating coil dA. 

The magnitude of the open-circuit volt- 
age of the machine is governed by the 
mutual inductance between the signal 
coil and the armature and by the two 
cross-axis constants Ly, and My_¢,. 
With other factors constant, doubling the 
number of turns in the armature coils in- 
creases the output voltage eight times if 
the coil gB is not present. In order to 
obtain a high output voltage, the cross- 
axis circuit resistance must be low as this 
factor appears in the denominator of the 
open-circuit voltage equation. The volt- 
age acting in the cross axis is usually 
quite small, of the order of a few volts, so 
that brush drop represents a considerable 
portion of the total cross-axis circuit re- 
sistance. It is imperative, therefore, that 
material of very low contact resistance be 
used for the cross-axis brushes. 


Short-Circuit Characteristics 


The short-circuit characteristics of the 
amplidyne generator are expressed by 
equations 11, 12, and 13 of the appendix. 
The signal current depends only upon the 
signal voltage and the resistance of the 
signalcoil. The nature of the two current 
characteristics depends upon the degree of 
compensation of the machine, that is upon 
the relative number of turns in the com- 
pensating coil dA. These characteristics 
are illustrated for an undercompensated 
machine by the calculated curves of 
Figure 3. The cross-axis current 7, has 
an initial slope the same as that of the 
open-circuit cross-axis current curve. 
The slope, however, decreases with in- 
crease in speed becoming zero when the 
condition S?(L44—M4-as)(Laa—M 4-¢p) 
=R,R, is satisfied. As the speed in- 
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creases further, the cross-axis current de- 
creases and approaches zero asymptoti- 
cally. 

The short-circuit current 74, beginning 
with an initial slope of zero, increases with 
the speed approaching asymptotically a 
definite finite value which depends upon 
the degree of compensation of the ma- 
chine. As the ratio R4Rp/(Laa—Ma-¢s) 
is made smaller by careful design of the 
machine, the short-circuit current ap- 
proaches more closely the asymptotical 
value for any given maximum speed. 

The asymptotical value of the short- 
circuit current, as obtained from the limit 
of equation 13 as S becomes infinite, is 
given by the expression M,4_,i;/(Laa— 
M4-aa). With the compensating coil dA 
connected in the usual manner with re- 
gard to polarity, the value of the asymp- 
tote becomes larger and larger as turns are 
added to the compensating coil. When 
the number of turns are such that M,_q4 
is equal to L 4,4, the asymptote disappears, 
and the short-circuit current varies di- 
rectly with the square of the speed of the 
machine, This condition may be used to 
define the boundary between overcom- 
pensation and undercompensation in the 
main axis. If the number of turns in the 
compensating coil are further increased so 
that M,_q,is greater than L,,, the value 
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Figure 6. Experimental curves illustrating the 
effect of hard carbon brushes 


For satisfactory operation the speed would have 
to be restricted to a maximum of 1,000 rpm 
and the signal current to 2.5 amperes. Brush 
drop resulting from higher speeds and signal 
currents causes excessive distortion as indi- 
cated by the crowding of the curves of (a) 
and the nonlinearity of the curves of (b). 
Compare with the curves of Figure 7 which 
were obtained from the same machine using 
graphite brushes 
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A 
of the asymptote becomes negative, and 
the speed-current curve has a discontinu- 
ity at the point where S*(M4-ga—La as 
(Lasa—M4-9s)=RaRs. The operation 
of an overcompensated machine is stable 
in the steady state for speeds below the 
critical speed represented by this condi- 
tion. At this critical speed the operation 
becomes unstable, and the short-circuit 
current increases without limit. For 
higher speeds, theoretically, the current 
reverses direction and decreasesasymptoti- 
cally to the value given by the asymptote 
expression. The curves for this condition 
illustrated in Figure 4 were calculated on 
the basis of the same constants as the 
curves of Figures 2 and 3 except that the 
value of the constant M,_4,4was increased 
approximately 20 per cent. This value 
represents a machine approximately six 
per cent overcompensated; that is, there 
are six per cent more turns in the com- 
pensating coil dA than those required for 
critical compensation as defined from the 
relation L4,=M4_aa. 


Load Characteristics 


The load characteristics of the ampli- 
dyne generator are expressed by equations 
14 and 15 of the appendix. For a given 
signal current and speed the curves are 
straight lines. If the machine is under- 
compensated, the lines are drooping, that 
is of negative slope, at any constant speed. 
If overcompensated, the lines are droop- 
ing at low speeds and are rising, that is of 
positive slope, at high speed. The load- 
voltage load-current characteristic be- 
comes horizontal when the relation- 
ship S*(L44—M4-aa)(Laa—M4-qs) = 
—R,Rz is satisfied. If the machine is 
critically compensated, the curve is droop- 
ing, but the slope is independent of the 
speed of the machine. The effect of dif- 
ferent degrees of compensation on the 
load characteristics is illustrated by the 
curves of Figure 5, which were calculated 
for a three per cent overcompensated, a 
critically compensated, and a three per 
cent undercompensated machine respec- 
tively. For all three sets of curves, the 
speed is the same and is greater than the 
critical speed at which instability results 
for the overcompensated machine on 
short-circuit. 

Low cross-axis circuit resistance is 
necessary for high output from the ma- 
chine since the factor R, appears in the 
denominators of all terms. If Rx is re- 
duced to half its original value, both inter- 
cepts of the load-voltage load-current 
curve are doubled, and the maximum 
available power output is increased four 
times for the same signal current and 
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stable in ie oe state, regardless of the 
speed or the type of load. An overcom- 


pensated machine becomes unstable and 
builds up as a series generator for certain 
conditions, depending upon the speed of 
he machine, the degree of overcompensa- 
ti on, and the type of load supplied. If 
the machine supplies a constant imped- 
ance load, stable operation in the steady 
state occurs as long as the condi- 
(Rat Rz)Rg>S(M g-a4—Laa)X 
(Las—Ma- qn) is fulfilled. The resist- 
ance of the load impedance is R,. Thus, 
in the practical application of an over- 


compensated machine, instable operation 


may result if the load resistance is too low 
or if the speed of the machine is too high. 


_ A critically compensated or overcom- 


pensated amplidyne generator may dis- 


play a form of transient instability char- 


acterized by the output voltage, and also 
by the output current, building up to a 
very high value before coming to the final 


_ steady-state value when a sudden increase 


: 


of load occurs. Transients of this charac- 
ter arise from the magnetic coupling be- 
tween the compensating coil, the main- 
axis armature circuit, and the signal coil. 


_ In general, the compensating coil is more 


closely coupled with the signal coil than is 


the armature, because of the air gap. 


For critical compensation, the compen- 
sating coil must contain a few more turns 
than the equivalent number of turns on 
the armature. Thus, a sudden change of 
current in the load circuit will induce a 
current in the signal circuit of such direc- 
tion as to increase the strength of the 
main-axis flux. This, in turn, causes a 
greater output voltage and greater output 
current from the machine. In some cases 
this action may be cumulative and result 
in free oscillation. In order to eliminate 
the possibility of transients of this charac- 
ter, the number of turns in the compen- 
sating coil dA must be reduced to the 
point where the transient components of 
current induced in the signal coil by sud- 
den changes in the load current give rise to 
effects which oppose the original change of 
load current. This condition is fulfilled 
when M,,-; is less than M ,_.. 

To obtain the maximum output for a 
given maximum speed and signal current, 
the degree of compensation of the ma- 
chine should be as high as possible. In 
order that the condition of critical com- 


| pensation may be more closely‘approached 


without introducing tendencies toward in- 
stability, the eompensating coil dA should 
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be arranged with respect to the signal coil 
sso as to allow a lower coefficient of cou- 
pling between the two. This coefficient of 
coupling theoretically should be the same 
as that between the compensating coil 
and the armature, 


Experimental Data and Results 


In order to check experimentally the 
theory and equations presented in this 
paper, an amplidyne generator was con- 
structed from a General Electric type RI, 
three-horsepower, induction motor, The 
armature of this machine was used with- 
out modification since it was wound with a 
four-pole wave winding. The stator was 
rewound with a four-pole distributed 
winding, part of the slots being used for an 
initerpole winding in order that satisfac- 
tory commutation could be obtained at 
the cross-axis brushes. The compensat- 
ing coil dA consisted of 14 turns per coil, 
four coils per pole, with taps brought out 
so that 9, 10, 11, 12, 13, or 14 turns per 
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Figure 7. Experimental open-circuit char- 

acteristic curves of an amplidyne generator 

equipped with soft graphite brushes in the 
cross axis 


coil could be used. The signal coil was 
wound with five turns per coil, four coils 
per pole. Lhe interpole winding con- 
sisted of 50 turns surrounding each of the 
four stator teeth located in the cross-axis 
neutrals. While this design 1s not par- 
ticularly efficient from the practical stand- 
point because of insufficient space for 
copper in the stator slots, it provides a 
satisfactory means for an experimental 
check of theory. 

In making adjustments for satisfactory 
operation of the machine, it was found 
that the higher taps of the compensating 
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winding gave so much overcompensation 
that they could not be used. The ma- 
chine would build up as a series generator 
to a very high value of armature current 
when the machine was loaded. On the 
highest tap the machine would oscillate at 
a frequency of approximately 80 cycles 
per second for very low values of load 
resistance. 


Physically, the amplidyne generator 
may be considered a two-stage amplifier. 
The first stage is represented by the volt- 
age generated in the cross-axis circuit by 
the flux produced in the main axis by the 
signal coil. The second stage is repre- 
sented by the voltage generated in the out- 
put circuit by virtue of the flux established 
in the cross-axis circuit by the cross-axis 
current, When load current flows in the 
output circuit a component of flux, in 
addition to that produced by the signal 
coil, is produced in the main axis. This 
component adds to the flux of the signal 
coil if the machine is overcompensated 
and subtracts if the machine is under- 
compensated. Thus, an overcompen- 
sated amplidyne generator is in effect a 
regenerative amplifier. It is unstable if 
too much of the output is fed back into 
the first stage of the machine by virtue of 
too many turns in the compensating coil. 
On the other hand, an undercompensated 
amplidyne generator is a degenerative 
amplifier and is quite stable. For this 
reason the tests were made with the com- 
pensating coil dA connected with nine 
turns per coil, giving a slightly undercom- 
pensated machine. P 

Hard carbon brushes were entirely un- 
satisfactory, as illustrated by the curves of 
Figure 6, because of the comparatively 
low voltages generated in the cross-axis 
circuit. Soft graphite brushes gave very 
satisfactory operation, but in this case the 
adjustment of the interpole shunt was 
quite critical. Best conditions of cross- 
axis commutation were obtained with a 
diverter which would by-pass approxi- 
mately ten per cent of the total cross-axis 
current. 

The characteristics of the test machine 
after the necessary adjustments were 
made to secure satisfactory operation are 
illustrated by the curves of Figures 7, 8, 
and 9. According to theory, the curves of 
Figure 7a should be parabolas, while the 
curves of the other five figures should be 
straight lines. In actual operation of the 
machine several factors such as magnetic 
saturation and brush drop cause the 
curves to deviate from the theoretical 
form. 

The total ampere turns acting to pro- 
duce flux in the space between brushes A 
and B and between brushes A’ and B’ 
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(see Figure 1) is proportional to the sum 
of the ampere turns acting in the cross axis 
and the ampere turns acting in the main 
axis. The total ampere turns acting io 
produce flux in the space between brushes 
B and A’ and between brushes B’ and A 
is proportional to the difference between 
the ampere turns acting in the cross axis 
and the ampere turns acting in the main 
axis. Thus, the total flux and the degree 
of magnetic saturation are greater in the 
air gap between brushes A and B and 
between brushes A’ and B’ than between 
brushes B and A’ and between brushes B’ 
and A. The total voltage generated in 
the cross-axis circuit is proportional to the 
total flux distributed around the armature 
between brushes B and B’, and the total 
voltage generated in the output circuit is 
proportional to the total flux distributed 
around the armature between brushes A 
and A’. Since the same components of 
flux are involved in the generation of 
both of these voltages, the effects of mag- 
netic saturation appear simultaneously 
in both the cross-axis and main-axis cir- 
cuits. 

In Figure 7b, the 1,000-rpm curve is 
essentially linear for signal currents up to 
four amperes, and the 2,000-rpm curve 
for signal currents up to two amperes. 
At higher signal currents magnetic satura- 
tion caused a decrease in the machine in- 
ductances with the result that the curves 
fall below the points represented by the 
initial linear relationship. 

Since the measured resistance of the 
cross-axis circuit was slightly greater than 
one ohm, the change of the resistance of 
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Figure 8. Open-circuit speed characteristics 
of the first and second stages respectively of an 
amplidyne generator 


Nonlinearity of the curves of (b) are an indica- 
tion of magnetic saturation of the machine 


754 TRANSACTIONS 


the graphite brushes with current was 
sufficient to cause a noticeable effect. 
This accounts for the upward turn of the 
0.5-ampere and 1.0-ampere curves of 
Figure 8a near 2,500 rpm. For the 2- 
ampere curve the effects of magnetic 
saturation were appreciable for speeds 
above 2,200 rpm (as illustrated by the 
corresponding curves of Figure 8b). The 
slight decrease in the generated cross-axis 
voltage at high speed due to saturation 
was offset by the decrease in brush re- 
sistance. The resulting curve of cross- 
axis current was linear. 


Characteristics of the Machine From 
Open-Circuit and Short-Circuit 
Tests 


In order to calculate the operating char- 
acteristics of the amplidyne generator, 
machine constants must be used which 
are valid for actual conditions of operation. 
The values of the constants are influenced 
by magnetic saturation, by brush losses 
and commutation, and by hysteresis and 
eddy current losses. Therefore, any set 
of constants obtained from direct meas- 
urements of the impedances or induct- 
ances must be modified to include these 
factors. Such modifications are difficult 
to make accurately, since the effects of the 
losses on the machine constants cannot be 
expressed in simple quantitative terms. 
The necessity for making modifications 
can be eliminated to a large extent if the 
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Figure 9. Open-circuit saturation curves of 
the first and second stages respectively of an 
amplidyne generator 


Nonlinearity of the curves of (b) results from 

magnetic saturation of the machine, while 

nonlinearity of the curves of (a) result from 

magnetic saturation and brush drop at the 
cross-axis brushes 
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a 
constants of the machine are calculated — 
from test data from open-circuit and- 


short-circuit tests performed on the ma- 


chine. 

The two constants B and C are calcu- 
lated from open-circuit test data in ac- 
cordance with the following equations 
which result from equations 19 and 20 of 
the appendix: 


B=iz/Si, | Open-circuit test data used 
C= Va/ Sts in these equations 


The constants A and R, are calculated 
from short-circuit test data in accordance 
with the following equations which result 
from equations 21 and 22 of the appendix: | 


Short-circuit test 
data used in 
these equations 


Ra=CSip/ia 
A =(Bis/ia) —(Ra/CS?) 


These four constants together with 
equations 19 to 23 are sufficient for the 
calculation of any of the steady-state 
characteristics of the amplidyne generator. 
The speed S in the equations above may 
be expressed in revolutions per minute 
instead of radians per second. In this 
case the speed S in equations 19 to 23 de- 
rived from these four constants must also 
be expressed in revolutions per minute. 

The accuracy of this method for deter- 
mining the characteristics of the ampli- 
dyne generator is shown by the curves of 
Figures 10 and 11, which were calculated 
on the basis of constants determined from 
open-circuit and short-circuit test data. 
For comparison actual test values are 
indicated by small circles and triangles 
plotted on the same axes. 

In Figure 10a, the test points of the 
open-circuit voltage and cross-axis cur- 
rent curves for one-ampere signal current 
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Figure 10. Comparison of calculated open- 
circuit and short-circuit characteristic curves 
with actual test data 
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above 2,200 rpm. This discrepancy is 
to the decrease in the resistance of the 
-cross-axis brushes with increase in cross- 
axis current at the higher speeds. For the 
two-ampere signal current curve of cross- 
axis current, the change in brush resist- 
ance with current was offset by satura- 
tion, with the result that the test points 
_agree very closely with the calculated 
curve. The test points of the correspond- 
ing open-circuit voltage curve fall below 
the calculated curve for speeds above 
2,200 rpm because of saturation effects 
in the second stage of the machine. 


Conclusions 


_ Commutation and brush effects, par- 
_ ticularly in the cross-axis circuit, have a 
_ very pronounced effect upon the opera- 
tion of the amplidyne generator. Bad 
commutation and brush losses cause a 
_ considerable decrease in the available out- 
put. In order that the machine operate 
satisfactorily, the use of proper brush 
material and the realization of good com- 
mutation are imperative. To insure good 
commutation interpoles may be used to 
excellent advantage. The brushes in the 
_ cross-axis circuit must be of low resistance 
and produce as small a contact drop as 
possible. 

The characteristics of the machine may 
be calculated on the basis of open-circuit 
inductances and resistances. The con- 
stants used for calculations must corre- 
spond with actual conditions of operation; 
but the main- and cross-axis coils may be 
treated as magnetically independent. 
The speed voltages appear in the opposite 
axes from the fluxes which produce them. 
The effects of magnetic saturation appear 
in both the main- and cross-axis circuits 
simultaneously. Saturation effects are 
difficult to include in calculations, be- 
cause the degree of saturation changes 
with the speed and with the load. 


LOAD VOLTAGE 
so — CALCULATED CURVES 
© TEST DATA 


CROSS-AXIS CURRENT 
—— CALCULATED CURVES 
4 TEST DATA 


+L 
to} 


wo 
te} 


CROSS-AXIS CURRENT—AMPERES 


3 


LOAD VOLTAGE— VOLTS 
nm 
te} 


LOAD CURRENT—AMPERES 


Figure 11. Comparison of calculated load 
characteristic curves with actual test data 
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fal | above the calculated curves for speeds _ 


Constants for the calculation of the 
steady-state characteristics of the am- 
plidyne generator may be determined 
from open-circuit and short-circuit tests 
performed on the machine. This method 
offers the advantage that the values so 
obtained apply for actual conditions of 
operation. For purposes of design the 
characteristics may be predicted on the 
basis of the inductance coefficients, which 
may be obtained by the methods used for 
the more standard electrical machines by 
calculation of the various flux linkages 
involved. This method, however, is sub- 
ject to considerable error because of the 
uncertainty of many factors, principally 
those relating to commutation, brush 
drop, and the associated losses. 


The output load-voltage characteristic 
of an undercompensated machine is 
drooping (of negative slope) for all condi- 
tions of operation. The corresponding 
characteristic of an overcompensated ma- 
chine may be either drooping or rising (of 
positive slope), depending upon the speed 
and the degree of overcompensation. Low 
speed together with a low degree of over- 
compensation gives a drooping charac- 
teristic which becomes horizontal and 
then rising if either of these two factors is 
sufficiently increased. A machine having 
a rising characteristic is unstable, even 
for steady-state operation, if the load re- 
sistance is less than a definite critical 
value which depends upon the slope of the 
characteristic curve. 

Transient instability may result in an 
overcompensated or in an wundercom- 
pensated machine, if the mutual induct- 
ance between the compensating coil and 
the signal coil is greater than the mutual 
inductance between the signal coil and 
the armature. Transient instability aris- 
ing from this cause is characterized by the 
load current and the load voltage build- 
ing up to very high values before coming 
to their final steady-state values when a 
sudden increase of load occurs. With a 
sudden decrease of load, the opposite 
effect takes place. In some instances 
this action may be cumulative and may 
result in free oscillation of the machine. 
If the compensating coil is arranged so 
that a fairly high leakage flux exists be- 
tween it and the signal coil, a greater out- 
put is available from the machine without 
loss of stability. 

The open-circuit voltage varies directly 
with the square of the speed, while the 
short-circuit current approaches asymp- 
totically a definite value which depends 
upon the signal current and the design of 
the machine. For maximum power out- 
put and power amplification the speed 
should be as high as possible. 
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The available power output and also 
the power amplification become infinite 
for d-c operation of the machine at con- 
stant speed as the resistance of the cross- 
axis circuit approaches zero, As the re- 
sistance of the signal coil approaches zero, 
the power supplied by the signal source 
approaches zero, and the power ampli- 
fication again becomes infinite. Since both 
of these resistances may be made quite 
low, the power amplification of an ampli- 
dyne generator operating on direct current 
is very high. The machine used in ob- | 
taining data for this paper gave a maxi- 
muin value of approximately 300. This 
corresponds with an ordinary d-c genera- 
tor having a field loss of one third of one 
per cent. By use of a specially designed 
stator core which would allow more cop- 
per in the signal coil and interpole wind- 
ings, a power amplification of at least ten 
times this value could easily be obtained. 


Appendix. D-C Operation of 
the Amplidyne Generator __ 
If a d-c signal is applied to coil s (Fig- 


ure 1), the steady-state behavior of the ma- 
chine is expressed by the following equations: 


Cs=i,R, (1) 
€7=isRp=KS¢q10-* (2) 
ea=iaRat+ Va=KSoq10-8 (3) 


If the speed of the machine is measured in 
electrical radians per second, the constant 
K is the equivalent number of series arma- 
ture turns between opposite brushes, that is 
the number of series turns which would give 
the same number of flux linkages if each of 
these turns linked all the flux in either axis. 
The expressions K¢q and Kd, are the total 
number of armature flux linkages in the 
main and cross axes of the machine re- 
spectively. The total flux which is effective 
in producing speed voltage in the output 
circuit, that is ¢g, includes the mutual flux 
from coils dA and s as well as the leakage 
flux of the armature. Likewise, the total 
flux which is effective in producing speed 
voltage in the cross-axis circuit includes the 
mutual flux from coil gB as well as the 
leakage flux of the armature. In terms of 
open-circuit self- and mutual inductances 
the flux linkages in the main and cross axes 
are: 


Koa = Nada =( Ma eds en ibe lat 
Ma-—qata)10® (4) 


Koq= Nabg=(Laais— M 4-qptp)108 (5) 


The negative sign is used before the 
mutual inductance M4~ 7s, because the coil 
qB is assumed connected so as to compensate 
partially for armature reaction in the cross 
axis. This sign should be positive if the coil 
is connected the other way. Making use of 
these relations, equations 2 and 3 may be 
written: 


SMe tee 115 Las — M4 4) = 00) 
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tpS(Laa—M 4-gp) —taRa= Va (7) 


The open-circuit characteristics of the ma- 
chine are obtained from the solution of these 
equations with the load current i, equated 
to zero: 


ts=e,/R, (8) 
tp=1,SMa_;/Re (9) 
V4=15S2M 4-5(Laa—Ma-qp)/Re (10) 


The short-circuit characteristics of the 
machine are obtained from equations 1, 6, 
and 7 with the load voltage V4 equated to 
Zero: 


1s=0;/R; (11) 
ta= 
Sera 
rr ;O OO YW 1 
Sag Mg) Lad — Main) Rake 
(12) 
i 


S?Ma_s(Laa— Ma-qz) 


1 
S*Laa—M 4-@a)(Las—Ma—qp)+RaRe * 
(13) 


If the machine is supplying a constant 
resistance load, the voltage V4 in equation 
7 is replaced by t4Rz in which Ry, is the re- 
sistance of the load. The solutions for the 
three currents are exactly the same as the 
short-circuit characteristics except that the 
resistance of the main-axis circuit becomes 
(Ra+Rr) instead of Ra. The load voltage 
is found from the relation V4=7z4R, after 
the currents are obtained. 

The load characteristics of the machine 
are obtained from equations 6 and 7 by 
elimination of 7g and V4 respectively: 


_ —(S*\Laa—M g-a4)(Las—Ma-qn)+RaRa] 


The equations given above may be simpli- 
fied by the following substitutions: 


A =(Laa—Ma-aa)/Re (16) 
B=M4-;/Rp (17) 
C=(Las—Mg-98) (18) 


In terms of these constants the charac- 
teristic equations are: : 
Open-circuit characteristics: 


ip=BSt, (19) 
Va 'GS245 (20) 
Short-circuit characteristics: _ 


BRaS 


peas FS (21) 
ACS?+ Ra 
BCS* 
[Ah (22) 
ACS?-++ Ra 
Load characteristics: 
Va=—(A CS?+ Ra)ia+ BCS*1, (23) 
ip= —ASis+BSi1, (24) 


List of Symbols 


eg—Generated voltage in the main-axis 
or output circuit 
€g—Generated voltage in the cross-axis 
circuit 
é€;—Voltage applied to the signal coil 
Laa—The self-inductance of the armature 


between either the main-axis 
brushes or between the cross-axis 
brushes 


M 4~-ga—The mutualinductance between the 
armature and the compensating 
coil dA 


Viza= 
A Re 


SM a-sts 
1 
Rp Se Rn (15) 


1B 


Pee ee haa eM A), 
re (A 


These latter two equations are valid 
regardless of the type of load supplied by the 
machine. Equation 14 expresses the rela- 
tion between the three variables Va, Za, 
and 7;, and may be used to define the over- 
all operation of the amplidyne generator in 
any control circuit in which it is connected, 
provided the machine operates low enough 
on the magnetization curve so that satura- 
tion effects may be neglected. 
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4 SM 4 s(Laa = M 4-qB)ts 


Rp (14) 


44 


M 4~¢a—The mutual inductance between the 
armature and the cross-axis coil gB 
Ma-—;—The mutual inductance between 
the armature and the signal coil s 
Maa-s—The mutual inductance between 
the compensating coil dA and the 
signal coil s 

Ra—Resistance of the main-axis circuit 
internal to the machine. Includes 
the resistance of the armature, the 
main-axis brushes, and the com- 

pensating coil dA 
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s 

* 

Ry—Resistance of the cross-axis circuit. 

Includes the resistance of the arma- 
ture, the cross-axis brushes, and 

the cross-axis coil gB : 
R,—Resistance of the load impedance 

R,—Resistance of the signal coil s 

S—Speed in electrical radians per 


second 

V4—Output or load voltage 

éq—The total flux linking the armature 
in the main axis | 

pga ne total flux linking the armature 
in the cross axis 
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_ Synopsis: This paper presents a discussion 
and analysis of short circuits for low-voltage 
distribution systems. Many distribution 
systems are supplied from transformers con- 
: nected in delta on the low-voltage side with 
the mid-tap of one secondary winding, or 
_ with one corner of the delta, connected to 
ground. Asa result, short circuits on these 
systems often involve failure to ground, and 
= accurate analysis for these faults is of 
value. An original analysis of power-leg-to- 
ground and light-leg-to-ground short cir- 
cuits is presented together with formulas 
_ for line-to-line and three-phase faults. A 
study of short circuits on the secondary cir- 
\ cuits of single-phase transformers supplied 
from three-phase systems is also included, 
_ thereby giving a comprehensive treatment of 
- distribution short circuits. The paper also 
includes a discussion of the effects of re- 
sistance in limiting short-circuit currents 
and the voltage rise of the secondary neutral 
above ground potential caused by trans- 
former failure and resistance to ground. 


ISTRIBUTION transformer banks 
supplying 240-volt three-phase and 
120/240-volt single-phase loads generally 
have the mid-point of one secondary 
winding connected to ground. This is 
done to protect the low-voltage distribu- 
tion systems against high voltage in the 
event of transformer failure and to pro- 
vide a ground for the low-voltage systems. 
An accurate analysis of short circuits and 
related problems on these systems is 
important in the selection and setting of 
protective equipment and in reduction of 
personal and fire hazards. The ratings 
of these transformer banks are from about 
6 to 1,000 kva. The most common short 
circuit in conduits and machines is failure 
to ground. In addition to the unsym- 
metrical conditions imposed by a fault 
to ground, special considerations are re- 
quired, since it is assumed that the trans- 
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lysis of Short Circuits for Distribution 
‘ gs Systems 


CHARLES F. DALZIEL 


MEMBER AIEE 


former secondaries are connected in delta 
and the ground return is furnished by a 
connection to the mid-point of one second- 
ary winding. Other connections are in 
common use. Three-phase four-wire 
circuits may be supplied from  trans- 
formers with the low-voltage secondary 
windings wye-connected with the neutral 
grounded, and transformers without mid- 
taps supplying three-phase three-wire 
240 volts often have one corner of the 
secondary delta connected to ground. 
This paper presents an analysis of power- 
leg-to-ground and light-leg-to-ground in- 
stantaneous symmetrical short-circuit 


POWER SERVICE 
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oO 


TRANSMISSION DISTRIBUTION 
LINE TRANSFORMER 
© =! a 
Ww WW 
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SERVICE 


Figure 1. Typical distribution transformer with 
mid-point of one secondary winding grounded 


currents and a discussion of short-circuit 
currents on distribution systems resulting 
from high-voltage transformer failures. 
Consideration of three-phase and line- 
to-line low-voltage short circuits and low- 
voltage short circuits on single-phase 
distribution transformers is also included. 

The schematic diagram of Figure 1 
gives the terminology and connections in 
common use for obtaining 240-volt three- 
phase three-wire and 120/240-volt single- 
phase three-wire services from a single 
transformer bank. For cases where the 
power load predominates, such as in 
industrial plants, the three transformers 
are ordinarily of the same capacity. 
Where single-phase loads predominate, 
for example, in rural installations, the two 
transformers used to furnish the power- 
leg are usually the same size, but they 
may be smaller than the third unit. In 
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this study it is assumed that the three 
transformers are identical. However, 
in solving practical problems differences in 
capacity may be accurately taken into 
account for power-leg-to-ground short 
circuits, and approximations may be 
introduced for light-leg-to-ground faults. 


Effect of Resistance in Limiting 
Low-Voltage Short-Circuit 
Currents 


Although resistance may produce a 
negligible effect in limiting short-circuit 
currents on high-voltage systems, it may 
have a considerable effect when faults 
occur on low-voltage circuits.! It is evi- 
dent that the higher the voltage, the 
higher are the ohmic values of equipment 
impedance. Therefore, impedances hav- 
ing about the same ohmic values regard- 
less of voltage rating may produce a 
negligible effect on high-voltage short- 
circuit currents when in combination with 
high-impedance equipment, but they 
may be very important on low-voltage 
circuits when connected in series with 
other low-impedance apparatus.? For 
120- or 240-volt circuits resistance is often 
the predominating current-limiting fac- 
tor, and omission of it (in the interest of 
simplicity) may lead to serious error. 
The importance of resistance is illustrated 
in Figure 2, wherein line-to-ground fault 
cutrent* is plotted against ground or 
fault resistance for a few selected volt- 
ages. Resistance is included in both 
analysis and examples of the present 
discussion. 


Power-Leg-to-Ground 
Short-Circuit Analysis 


TRANSFORMERS CONNECTED IN WYE- 


DELTA 


It is apparent from inspection of Fig- 
ure 3, that a power-leg-to-ground short 
circuit is a special type of single-phase 
fault. The voltage effective in producing 
the fault current is V 3E,/2. The fault 
current is equal to the sum of two equal 
low-voltage secondary currents which are 
inphase with each other. Neglecting the 
effects of load and transformer exciting 
current, the instantaneous symmetrical 
secondary current is given by: 


\/3E,/2 


~ gri+2(g—p) +0.52(5/2—s/2) +22 


8 


in which 


E,=the voltage of the secondary winding on 
open circuit, in volts 


* Refer to standard references for analysis of ordi- 
nary unsymmetrical short circuits (for example, 
reference 3 or 4). 
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FULL-LOAD CURRENT. 


FAULT CURRENT — MULTIPLES OF TRANSFORMER 


Ears 
0) 2 4 6 8 10 
GROUND OR FAULT RESISTANCE (R)— OHMS 
Figure 2. Effect of resistance in limiting short- 
circuit currents 


Zpr =the impedance of the transmission line 
and other series equipment in ohms re- 
ferred to the secondary voltage 


2(s—p)=the impedance of the low-voltage 
secondary winding to the high-voltage 
primary winding in ohms (see Figure 3C) 


2(s/2—-s/2) =the impedance of one-half the 
low-voltage secondary winding to the 
other one-half low-voltage secondary 
winding in ohms (see Figure 3C) 


z= The impedance of the external low-volt- 
age circuit to fault, including arc, con- 
ductor, and conduit impedances, the re- 
sistance to ground, and the impedance of 
the ground return circuit in ohms 


The fault current is: 


V/3Es 


peo = a) 
27L+ 2(s—p) +0.52(s/2—s/2) +22 


Let 


=the transmission-system voltage line-to- 
line, in volts 


n=E,/E,=E/+/3E,, the transformer turn 


ratio 
Then 
E,=E/nv/3 
and 
re: ; E/n | (2) 
(Zrit+Z(p—s) |/n? +0.52(g 2-8/2) +22 
where 


Zy~_=the impedance of the transmission 
system in high-voltage ohms, This 
assumes that the reactance of one 
wire to neutral is the same for both 
single-phase and three-phase bal- 
anced currents. This is true for 
circuits with equilateral spacing or 
completely transposed circuits. It 
is unlikely that the distribution 
feeder would be either equilaterally 
spaced or completely transposed be- 
tween the source and a particular 
transformer installation, and for 
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greatest accuracy the actual single- 
phase reactance between the two 
high-voltage primary line conduc- 
tors carrying current should be used 

Z(p—s) =the impedance of the high-voltage 
primary winding to the low-voltage 
secondary winding in high-volt- 
age ohms. See Figure 3C. 


The primary line currents are obtained 
by inspection of Figure 3B: 


I4=lIg=I1,/n=In/2n, and Ig=0 (3) 


TRANSFORMERS CONNECTED IN DELTA- 
DELTA 


The analysis for the case in which the 
transformers are connected in delta-delta 
is similar to that of the preceding deriva- 
tion with the exception of the modifica- 
tions required due to the high-voltage 
delta connection. See Figure 4. 

V/3E; 


Tp=21,= (4) 
; 327i +2(s—p) +0.52(s/2—s/2) +22 


For this case n=H,/H,=E/E, In 
terms of the transmission voltage and 
actual transmission impedances in high- 
voltage ohms, the fault current is given 
by 


V/3E/n 
[83Z71+Z(p—s) ]/n?+0.52(5/2—s/2) +22 
(5) 


Ip 


From inspection of Figure 4B 


lp—le= 1/2 and I= 20a 


(6) 
Light-Leg-to-Ground 
Short-Circuit Analysis 
TRANSFORMERS CONNECTED IN WYE- 


DELTA 


The light-leg-to-ground short-circuit 
analysis is developed from the method of 
symmetrical components as follows: The 
schematic diagrams of Figure 5 are based 
on the assumption that the system is 
entirely symmetrical. The dissymetry 
imposed by the terminal conditions which 
represent this type of fault is inserted in 
the analysis at the appropriate point. 

Let 


n=E,/E,=E/+/3E,, the transformer 
turn ratio 
grr,’ =the impedance of the transmission 
line and other series equipment in 
obms referred to one-half the 
secondary voltage, that is, 


t Ep ‘ 5 / \o 
app’ =Zry E./2 =Z71/(2n)? 


Zrz=the impedance of the trans- 
mission line and other series equip- 
ment in high-voltage ohms 


where 


2(3/,—p) = the impedance of one-half the low- 
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al 


voltage winding to the high-voltage 
primary winding in ohms, and 


2(s/2-P) = Z(p—s/2)/(2n)?* 

2(s/2—-s) = the impedance of one-half the low- 
voltage winding to the entire low- 
voltage winding in ohms (see 
Figure 5D) 


z=the impedance of the external low- 
voltage circuit to fault, including 
arc, conductor, and conduit im- 
pedances, the resistance to ground, 
and the impedance of the ground 
return circuit, in ohms 


The positive- and negative-sequence 
impedances to fault are obtained from 
inspection of Figure 5B. All impedances 
are actual ohms, or expressed in ohms 
referred to one-half the secondary voltage 


A. Schematic diagram with experimental 
values inserted 


A = 25-p 
Cc —WW¥—- 
8 a 
ZT. 2z 
-B- 


B. Equivalent circuit for analysis 


C. Determination of transformer impedances 


Figure 3  Power-leg-to-ground short-circuit 
analysis 


Transformers connected in wye-delta 


on open circuit. Z2, is taken equal to 
Zip for determination of instantaneous 
symmetrical short-circuit currents. The 
proper generator impedances may be 
included in the term Z7, when transient 
or sustained currents are desired. 

The positive-sequence impedance to 
fault is 


Zip=27L +2(s/2—p) +2 


The zero-sequence impedance to fault 
is obtained from Figure 5C.: 


Zor=%s/2—-s) +2 


The equations for a line-to-ground 


* The first subscript denotes the winding upon 
which the impedance measurements are made, or 
the side to which they are referred. The second 
subscript refers to the winding short-circuited for 
the impedance test. See Figure 5D. 
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Schematic diagram with experimental 
values inserted 


; -B- 
B. Equivalent circuit for analysis 


igure 4. Power-leg-to-ground short-circuit 
analysis_ 


Transformers connected in delta-delts 


sd 


short circuit are (see reference 3 or 4 for 


oo) : 


3E 
j pe as ae et Or Ae 7 
The voltage effective in producing fault 
ent is £,/2. Substituting the above 
expressions for the impedance to fault 
and the voltage effective in producing 
the fault current gives 


3E./2 


2[srr'+25 ‘9 Pp) |+-2(s 2—-s) +32 


Ip (7) 
In terms of the transmission voltage 

and actual transmission impedances in 

high-voltage ohms, the above becomes 


¥ \/3E/2n 
2(Zpr+Z(p—s/2) |/(2n)?+2(s /2-s) +32 
(8) 


Tr 


The primary currents are obtained from 
inspection of Figure 6: 


Te=(hth)/2n=2/3([¢/2n) =I p/3n, and 
I4=Ip=Ir/6n (9) 
TRANSFORMERS CONNECTED IN DELTA- 
DELTA 


The analysis for the case in which the 
transformers are connected in delta-delta 
is similar to the foregoing with exceptions 
which are apparent from inspection of 
Figures 7 and 8. 


Zip =Zorp=27r +2(s/2—P) +2 


For this case 


‘Bast s 2 
i= Zee] Een =3Zr71/(2n)? 


E,/2 


Zor = 2(s/2-8—P) +2 
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| 8(s/2-s—p) =the impedance of one-half the 


low-voltage secondary winding to the 
entire low-voltage winding and high-volt- 
age winding in ohms. See Figure 7D. 


Following the procedure of the previous 
derivation: 


SE. /2 


‘——— 
2[sr1'+2(s/2—p)]+3(s/2-s-p) +32 


(10) 
Or, in terms of the transmission voltage 
and actual transmission impedances in 
high-voltage ohms 


i 
8E/2n 
2(38.Z 71 +Z(p—s/s)]/(2n)?+2(5/2-5—p) +32 
(11) 


The primary line currents are obtained 
from inspection of Figure 8. The zero- 
sequence currents circulate in both delta- 
connected windings, and the relative 
division could be worked out by using the 
methods developed for analyzing three- 
winding transformers. However, since 
the zero-sequence currents cannot pass 
from the delta into the high-voltage lines, 
this refinement is not necessary, and the 
line currents are determined directly 
from the positive- and negative-sequence 
currents as indicated in the figure. 


ITp=Ic=I,/2n, and Se Kali2)) 


Three-Phase Short-Circuit Analysis 
TRANSFORMERS CONNECTED IN DELTA 
ON LOW-VOLTAGE SIDE 


Although three-phase short circuits are 
of infrequent occurrence on distribution 
circuits, they occasionally occur on open 
bus structures or in other equivalent 
locations. The fundamental equation 
for three-phase short-circuit current is 


E, 3 
lg = ” eve ie. (13) 
2rr +2(s—p) +2 


in which 


zr_" =the impedance of the transmission 
line and other series equipment in ohms re- 
ferred to the secondary voltage to neutral. 
For transformers connected in wye-delta 


"oZ /\ eS We eed 
Z =—ZTL SRS n= =Z4 71, /on* 
TD TL - [73 Tl 


For transformers connected in delta-delta 


Zelve 
Zrpp’ =Z =Zr1/n* 
sitet peg Wee i 


2(s—p)'=2(s—p)/3, the equivalent wye, or 
line-to-neutral impedance of the trans- 
former bank, in low-voltage ohms. 


z'=the line-to-neutral impedance of the 
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external circuit to fault in low-voltage 
ohms including conductor impedance and 
fault impedance, that is, the impedance 
of one of three assumed equal arcs to 
their common meeting point. 


Line-to-Line Short-Circuit Analysis 


TRANSFORMERS CONNECTED IN DELTA 
ON Low-VOLTAGE SIDE ; 


Line-to-line short circuits frequently 
occur on exposed wires and in open bus 
structures. This type of fault is probably 
most frequent on distribution systems 
where one corner of the secondary delta 
is connected to ground. Analysis is made 
by using the method of symmetrical 
components.*4 In terms of the open- . 
circuit secondary voltage, the low-voltage 
fault current is 


Ey 
2[2p1”+2(3—p)'|+2 


TyeL= (14) 
in which the quantities have been pre- 
viously defined. For this case z equals 
the total external impedance of the exter- 
nal circuit to fault in low-voltage ohms 
(in contrast to z’ used for the three-phase 
analysis), 


Short Circuits on Single-Phase 

Transformer Secondary Circuits 
TRANSFORMERS SUPPLIED FROM Two 
HIGH-VOLTAGE LINES 


The problem of determining short- 
circuit currents on single-phase trans- 
former secondary circuits is so important 
that it deserves mention. If the trans- 
former and total external impedance to 
fault is referred to the high-voltage side, 
the equation is obtained from elementary 
methods by inspection: 


E 


I =m 15) 
Has 2Z pn t+Z(p—s)t+Z : 


in which 


Z=n’*z, the impedance of the external cir- 
cuit to fault in equivalent high-voltage ohms 


Or, the low-voltage secondary current 
equals: 


Ty F< 2Z 7, /n?+2s—p)+2 (16) 

Equations 15 and 16 give correct re- 
sults for symmetrical subtransient fault 
currents. The line-to-line fault analysis 
developed by using the method of sym- 
metrical components is a better approach 
from the strictly technical viewpoint. 
This gives the same equations but has 
the advantage that the proper generator 
constants may be included in the trans- 
mission-system impedance term and 
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A. Schematic diagram 


A—WWWY- 
Zz 
5 2TL -B- Esp 


B.  Positive-and negative-impedance network 


NW 
Z 


c—Ww+ 


8—ww———— 
-C- 


C. Zero-impedance network 


Bie GPSS 
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D. Determination of transformer Ni we 


Light-leg-to-ground short-circuit 
analysis 


Figure 5. 


Transformers connected in wye-delta 


A 
Figure 6. Detailed 
current distribution 
for a_ light-leg-to- 


ground short circuit C 


SAMS. 085, 

" HEO. 
Transformers — con- 
nected in wye-delta. 


Experimental values ae Bg nnps pass 


inserted B 


thereby permit determination of either 
subtransient, transient, or sustained fault 
current. 


TRANSFORMERS SUPPLIED FROM ONE 
HicGH-VOLTAGE LINE AND NEUTRAL 


Analysis for this case is similar to the 
preceding analysis, and from the method 
of symmetrical components 

3E/V/3 


lIyrig = 17 
tla 2Z 71 +Zort+3Z(p_s)+3Z un 


or the low-voltage secondary current 
equals 
3H, 


i= 18) 
% (2Z71+Zorr)/n*?+32(g—p) +32 \ 


in which Zo7,= the zero-sequence im- 
pedance of the transmission system in 
high-voltage ohms. 

The equations for line-to-ground faults 
on three-wire systems supplied from 
single-phase transformers having the 
mid-tap of the low-voltage secondary 
winding connected to ground are the 
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same as the above with the following 
modifications: The voltage. effective in 
producing short-circuit current is now 


E,/2, the ratio of transformation is 2m, ° 


and the transformer impedance is 


2(3/2—P)+ 

Short-Circuit Chrents on 
Distribution Systems Resulting 
From High-Voltage Transformer 
Failures 


During the initial stages of an internal 
failure between the high-voltage and 
low-voltage windings of a transformer, 
that is, before any of the conductors have 
been opened due to arcing, the high- 
voltage fault current flowing through the 
low-voltage secondary windings induces 
compensating currents in the high-volt- 
age windings which circulate back through 
the high-voltage circuits. Also, under 
these conditions the transformer saturates 
because of high-voltage impressed on 
the low-voltage windings. Saturation 
neglected the requirement of equal and 


288-6 


= 


lenl,+ lotly 
43.5 AMP 


opposing ampere turns is met, and the 
current limiting effect of the transformer 
is due to leakage impedance. Actually, 
because of saturation, the effective im- 
pedance may be somewhat less than the 
leakage impedance. For purposes of 
illustration consider a three-phase dis- 
tribution transformer supplied from a 
transmission line of reasonable length 
and assume that short circuits occur 
between each high-voltage terminal and 
the corresponding low-voltage terminal. 
The impedance limiting the fault current 
is equal to the transmission-system im- 
pedance up to the transformer terminals 
in high-voltage ohms, plus the impedance 
of the transformer in low-voltage ohms. 
Thus, the additional impedance opposing 
the high-voltage short-circuit current 
flowing in the secondary winding equals 
the transformer impedance in high- 
voltage ohms divided by the ratio of 
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transformation squared (that is, 2’). 

For most practical distribution systems 
n? is large, and the additional current- 
limiting effect due to the transformer is 
small. For 2,400 delta 240-volt trans- 
formers n?=100, and the additional 
impedance is one per cent of the trans- 
former leakage impedance (saturation 
neglected). 

Where the windings have been opened, 
and compensating currents cannot flow, 
the current-limiting effect of the trans- 


former is due to exciting impedance. 


Very high saturation results, and it has 
been suggested that the exciting im- 
pedance may approach leakage reactance 
in magnitude. Analysis for this case is 
similar to that in the preceding paragraph. 
The saturated exciting impedance in 
high-voltage ohms is reduced by the 
square of the turn ratio, and the effect 
of the transformer may be neglected as 
a first approximation. 

For unsymmetrical transformer fail- 
ures, such as a breakdown near the end 
turns or between the high- and low- 
voltage bushings, the effect of trans- 
former impedance is likewise small. The 
voltage effective in producing the fault 
current equals the vector sum of the 
voltage of the high-voltage system and 
the induced voltage of the secondary 
winding. In cases where the ratio of 
transformation is small, this effect may 
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B. Positive- and negative-impedance net- 
work 


A—WWWY———, 
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C. Zero-impedance network 
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D. Determination Pease 
of transformer imped- 
ances one 
Figure 7. Light- leg-to-ground short-circuit 
analysis 


Transformers connected in delta-delta 
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9e important. However, for cases where 
the ratio is 10/1 or greater, this effect is 
also small and may be neglected for 
approximate work. An internal failure 
between the windings introduces addi- 
tional complications, but it is unlikely 
that the fault current would be greater 
than that caused by breakdown near the 
extremities of the windings. Since the 
effects due to the transformer are rela- 
tively small, they may be neglected in 
estimating the high-voltage short-circuit 
t flowing to ground in low-voltage 
distribution circuits due to high-voltage 
transformer failures. Figure 13 gives a 
few of the laboratory connections used 
in the study of high-voltage transformer 
failures. The arrows represent the de- 
tailed current distribution and indicate 
the compensating primary currents in- 
duced by the high-voltage fault current 
flowing in the low-voltage secondary 
windings. 

It is believed that the total high- 
voltage short-circuit current produced in 
low-voltage distribution circuits due to a 
distribution transformer failure can be 
determined with an accuracy sufficient 
for most practical purposes by neglecting 
the effects of the transformer itself. 
Additional impedances, such as the resist- 
ance of ground return circuit, must be 
included. It is obvious that the errors 
due to the approximation decrease as the 
impedance of the transmission system up 
to the transformer is increased, and 
conversely. It is believed this procedure 
is satisfactory for cases in which the 
feeder impedance is at least equal to 50 
per cent of the transformer leakage im- 
pedance in high-voltage ohms. This 
analysis permits study of the effects of 
grounding resistances for distribution 
systems. It gives an approximate method 
of estimating the voltage to which 
4 distribution system may rise above 


i 
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Figure 8. Detailed 
current distribution 
for a_ light-leg-to- 
ground short circuit 
Transformers — con- 
nected indelta-delta. 
Experimental values 
inserted 


OG 1 2 3 4 5 6 7 
EXTERNAL CIRCUIT RESISTANCE (R) OHMS 


Figure 9. Power-leg-to-neutral experimental 
short circuits 


Transformers connected in wye-delta 


ground because of transformer failure, 
and it is important in the study of pro- 
tective measures and shock hazard. 
Experience shows that the number of 
high-voltage failures in modern dis- 
tribution transformers are relatively small 
in comparison to the number in service. 
However, breakdowns occasionally occur, 
and a mathematical approach to the 
problem is of value. 

The total fault current 
voltage distribution circuit due to a high- 
voltage transformer breakdown is ob- 
tained from the conventional line-to- 
ground analysis, neglecting the effect 
of the transformer: 


enV” 
2Z71+Zort+32 


in the low- 


Thee (19) 


The voltage rise of the secondary 
neutral above ground potential due to 
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Figure 10. Power-leg-to-neutral experimental 
short circuits 


Transformers connected in delta-delta 
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Light-leg-to-neutral experimental 
short circuits 


Figure 11. 
Transformers connected in wye-delta 


this fault current flowing through the 
impedance to ground equals: 


V/3Ez 


Vp ae: 


Exr neutral = (20) 
in which gz represents the grounding im- 
pedance (that is, resistance of driven 
ground in ohms), and other quantities as 
defined previously. 


Experimental Results 


Experiments were made on a laboratory 
model consisting of three reactors con- 
nected to simulate a short transmission 
line and four ten-kilovolt-ampere trans- 
formers having two tapped primary and 
secondary windings, rated 500/100 volts. 
The experimental points and theoretical 
curves for power-leg-to-neutral and light- 
leg-to-neutral short circuits are given in 
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Figure 12. Light-leg-to-neutral experimental 
short circuits 


Transformers connected in delta-delta 


Figures 9 to 12 inclusive. The fault or 
current in the external circuit was plotted 
against external circuit resistance. The 
calculations included all known resist- 
ances of the circuit, including the re- 
sistance of a water-box load connected to 
simulate the fault, conduit return, and 
are resistance. Theoretical and observed 
currents have also been inserted in 
Figures 3A, 4A, 6, and 8, to check the 
determination of high-voltage line cur- 
rents. The transformers were connected 
500 to 200 volts for these tests, and for 


Figure 13. Study of effect of transformer 


in limiting short-circuit current for typi- 
transformer 


cal high-voltage breakdowns 
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Figures 11 and 12 three transformers 
were used. For the tests of Figures 9 and 
10 four transformers were used; two 
transformers were connected in parallel 
to simulate the practical case where the 
lighting transformer had twice the ca- 
pacity of the power transformers. The 
agreement between observed and theo- 
retical values was believed satisfactory 
and is offered as substantiating the 
analysis. It was noted that the experi- 
mental values were slightly less than the 
computed curves, the discrepancy in- 
creasing for smaller values of resistance. 
The error was believed to bé due to the 
resistance of the many leads and split- 
terminal socket connections which ob- 
viously could not be included in the 
analysis, to the fact that the system was 
not entirely symmetrical since the trans- 
formers and reactors did not have iden- 
tical impedances respectively, and to 
slight unbalances of the supply voltages. 
The poorest correlation was obtained for 
the power-leg-to-neutral short circuit 
with the transformers connected in delta- 
delta. It should be noted that the dis- 
crepancies were on the safe side, as the 
measured values were low. 

Several experiments were made to 
check the conclusions given in the dis- 
cussion of high-voltage transformer fail- 
ures. Short circuits with the transformers 
energized at reduced voltage were made 
to simulate primary to secondary failures 
using three transformers connected 
1,000/100, 1,000/200, and 500/500. 
Typical results for various fault locations 
for the 1,000/100-volt connection are 
given in Figure 13. If the winding cur- 
rents are multiplied by factors propor- 


Figure 14. Short - circuit 

currents for 300-kva, 2,400- 

wye / 240-120-volt trans- 

former and _ four - kilovolt 
feeder 


Fault resistance assumed zero 


solid: _ 
i ee 
tional to the turn ratio, primary: and_ 
secondary ampere turns are in close agree-_ 
ment. The slight discrepancies from — 
theoretical values are attributed largely 
to the effects of saturation and exciting 
current. This substantiates the state- 
ment that as long as compensating cur- 
rents flow, transformer leakage impedance 
rather than exciting impedance, is the 
most important factor in limiting the 
fault current. As was expected, the effects 
due to the transformer decreased as the 
ratio of transformation was increased. 
The greatest observed error for the 
1,000/100-volt connection was five per 
cent. For these tests the artificial trans- 
mission-line impedance was equal to 43 per 
cent of the transformer leakage impedance, 
and the ratio of Zo7, to Zipz, was varied 
between 1.0 and 5.5/1. From this it was 
concluded that the effects of the trans- 
former may be neglected in approximate 
determination of the total short-circuit 
current in low-voltage circuits of practical 
distribution circuits because of high- 
voltage transformer failures for ratios 
of transformation of 10/1 or greater. 


Application 


For purposes of illustration, the results 
of this investigation were applied to a 
typical installation consisting of three 
100-kva 2,400/240 —120-volt distribution 
transformers supplied from an infinite 
bus over a four-kilovolt feeder. The 
feeder was three-conductor 4/0 copper 
having the common horizontal spacing 
of 23-30-53 inches, and Z7,=0.303+ 7 
0.622 ohm per mile. It was assumed that 
Xorp_p=3.5X pz. The following constants 
were obtained from tests on one 100-kva 
unit. 


= 0.00691 + 70.01895 ohm or 

0.012+ 70.0329 per unit 
2(s/2—p) =0.00277+ 0.00528 ohm or 
0.01925+ 70.0366 per unit 


2(s—P) 
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Oo 02 0.3 0.4 0.5 
FAULT OR EXTERNAL CIRCUIT RESISTANCE 
SCALE FOR CURRENT CURVES 


Fo s/2) =0.00355+7 nil ohm or 
0.0246 + 70.000 per unit 


T he transformers were assumed con- 
nected in wye-delta with the mid-point 
of one secondary winding connected to a 
ground having a variable resistance (R) 
ohms. 

_ Figure 14 gives results for three-phase 
line-to-line power-leg-to-ground and light- 
leg-to-ground short circuits for various 
lengths of feeder up to ten miles. The 
fault or ground resistance was assumed 
zero for this case. It was noted that the 
light-leg-to-ground fault developed the 
greatest current, whereas the three-phase 
and power-leg short-circuit currents were 
approximately equal. Line-to-line short- 
circuit currents were the smallest and 
were equal to the three-phase value 
multiplied by 0.866. 

The effects of fault resistance and resist- 
ance to ground are shown in Figure 15. 
For this case the feeder length was as- 
sumed to be 2!/. miles, and the fault 
currents were determined for external 
circuit resistances of 0 to 0.7 ohm, The 
power-leg-to-ground fault current de- 
creased less rapidly than the light-leg fault 
current, the latter decreasing from its 
predominating value for zero resistance 
to values consistently below that of the 
other curves. It was interesting to note 
that if the line-to-line short-circu t current 
values are sketched in as a function of one- 
half the fault resistance, the curve practi- 
cally coincides with the light-leg fault- 
current curve over the range covered in 
the figure. The important point brought 
out by the curves is the large current- 
limiting effect due to relatively small 
values of resistance. 
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Figure 15. Short- 
circuit currents and 
voltage of secondary 
neutral for 300-kva 
2,400 - wye / 240- 
120-volt transformer 
and 2.5 miles of 
four-kilovolt feeder 


The relatively large effect of small im- 
pedances in limiting low-voltage short- 
circuit currents has economic importance. 
The impedance of current transformers, 
resistance of joints, and the reactance due 
to bends in busses and connections may 
result in a material decrease in the inter- 
rupting duty of auxiliary circuit breakers 
or fuses in comparison with the main 
circuit breaker. Consideration of these 
factors in choosing the location of circuit 
breakers may point to improvements in 
plant layout with significant savings 
for large capacity low-voltage installa- 
tions. Another aspect of this problem 
concerns the positive operation of circuit 
breakers or fuses. The protective devices 
would probably be set to clear for 150 to 
250 per cent rated current. Entering the 
curves with these current values indicates 
that an external circuit resistance in 
excess of only 0.06 to 0.10 ohm would 
prevent proper clearing of faults. The 
advantage of several subfeeders with low 
trip values instead of one or two main 
circuits with high trip values or large fuses 
is self evident. In cases where high 
current-rating fuses are required, some 
form of ground protection (at the main 
circuit breaker) may be desirable. 


The curve showing voltage rise of the 
low-voltage neutral above ground, due 
to a high-voltage transformer breakdown, 
was computed for resistances to ground 
of 0 to7.0 ohms. It was found that the 
fault current would be limited to the 
rated low-voltage current of the trans- 
former for a ground resistance of about 
1.0 ohm. Hence, it was concluded that 
most transformer failures would be 
cleared only by the protective devices on 
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Figure 16. Voltage of secondary neutral 
above ground due to high-voltage transformer 
breakdown for 300-kva 2,400-wye/240- 
120-volt transformer and four-kilovolt feeder 


the high-voltage side. During the time 
required to actuate the protective device, 
the voltage of the distribution system 
will be subjected to relatively high poten- 
tial above ground. For example, the 
voltage above ground reaches 1,500 volts 
(the minimum dielectric strength of code 
rubber when new) for a ground resistance 
of three ohms, whereas a grounding re- 
sistance of five to seven ohms provides 
small protection indeed. The voltage 
rise of the secondary neutral above ground 
due to transformer failure for various 
resistances to ground is plotted as a 
function of four-kilovolt feeder length 
in Figure 16. 

The results of the study emphasize the 
importance of securing low resistance to 
ground and low return-circuit resistances 
for distribution systems. It is realized 
that it is often difficult if not impossible 
to obtain driven or buried grounds having 
resistances low enough to provide satis- 
factory protection for low-voltage dis- 
tribution circuits. This is particularly 
important for 240-volt three-phase three- 
wire installations where the mid-tap of 
one transformer is grounded and the 
neutral is not run into the plant. The 
author knows of one such installation 
consisting of a large transformer bank 
supplied over a regulated four-kilovolt 
feeder only a relatively short distance 
from the substation. The single driven 
ground at the transformer structure 
measured about 100 ohms. Although 
the plant conduits and equipment were 
apparently well grounded to the water 
system, little protection was actually 
afforded against either transformer break- 
down or short circuits involving a ground 
return within the plant. Although the 
above remarks refer to the examples 
chosen for study, somewhat similar con- 
clusions might result from analysis of 
many commercial installations. 
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_ 
of its indication in 15 minutes, which by 
definition makes it a 15-minute demand 
interval meter, it would be within about 
one per cent of its ultimate in 30 minutes. 
From this characteristic we see that any 


Theoretical Possibilities in an Internally 


Heated Bimetal Type of Thermal Watt- 


Demand Meter 


EDWARD LYNCH 


MEMBER AIEE 


Synopsis: There are two generally recog- 
nized methods of measuring demand. The 
block-interval type has been used extensively 
where great accuracy is desirable, a simple 
explanation necessary, and a quick testing 
method essential, but the “logarithmic” 
type has received increased attention in 
recent years, and a greater dissemination of 
knowledge of its characteristics is desirable. 

A mathematical expression for “‘logarith- 
mic’? average is given which can apply to 
a variable load as well as to a uniform load. 
It is shown that a meter with a simple ex- 
ponential time-deflection characteristic will 
indicate this ‘logarithmic’? average, but 
that meters with characteristics obtainable 
in present commercial thermal meters will 
theoretically differ from it except when used 
with certain loads. 

The accuracy of commercial meters has 
increased in recent years. So besides indi- 
cating that the various types of character- 
istics available in commercial meters have 
apparently been satisfactory on normally 
encountered loads, it is shown that sturdiness 
and high torques are desirable features to 
sustain these accuracies. 

The internally heated thermal watt-de- 
mand principle is discussed, and the con- 
clusion is reached that by its use high torque 
can be obtained using the time tested bi- 
metal type of meter. 
diffusion of heat in the bimetal where it is 
generated theoretically allows shorter ‘‘heat- 
up”’ time when the meter is being tested and 
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In addition, the rapid * 


results in a time-deflection characteristic 
much closer to the ideal simple exponential. 


EMAND measurements when com- 
bined with watt-hour-meter read- 
ings have been recognized as giving a prac- 
tical basis for electricity charges.4? In 
the United States demand meters operat- 
ing on the block-interval principle have 
been extensively used, and their operating 
principle and characteristics are well 
understood. 

There is another recognized method of 
measuring demand which has been used 
to a limited extent for the same purpose. 
It is the method utilized by thermal de- 
mand meters, and the resulting indication 
has been called the “logarithmic average’”’ 
demand. A general explanation of meter 
design considerations which enter into 
this demand indication and the operating 
characteristics which they affect will be 
covered in the following discussion. 


Time Deflection Characteristic 


The block-interval meter indicates con- 
tinual arithmetic average maximum de- 
mand. The thermal meter obtains its 
average in a different manner, and it in- 
dicates a slightly different quantity which 
can be designated as continuous logar- 
ithmic average maximum demand. Ona 
constant load its reading changes rapidly 
at first and then more slowly until, in the 
case of a meter which reaches 90 per cent 


load on the meter during the 30 preceding 
minutes may have a readable influence on 
the demand pointer indication, but that. 
the longer time that has elapsed, the less 
effect this load has on the reading. The 
indicating pointer on these meters is there- 
fore continuously changing its position as 
load changes occur according to what has 
been called a “logarithmic” average. 


@ 
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This average for a theoretical meter can 
be expressed as follows (see appendix B): 


t 
war f we") dy, (1) 


where 


W=instantaneous deflection of pointer 
k=a design constant 

w=load (which may vary with time) 
t=time at which deflection is W 
t4;=time at which load is w 


On constant loads after about three de- 
mand intervals this “‘logarithmic’’ aver- 
age is identical with the arithmetic aver- 


age as given by a block-interval type of 
meter. 


This study would hardly be complete 
without one or two constructive sug- 
gestions. The goal must be as low a 
resistance to ground as possible. The re- 
sistances of the ground circuit must be 
maintained sufficiently low to insure 
positive operation of the protective de- 
vices in case of transformer failure. In 
addition, it would appear that consider- 
able protection would result if, in addi- 
tion to providing the best ground that 
can be reasonably obtained at the trans- 
former installation, the low-voltage neu- 
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tral be carried along with the phase wires 
(regardless of whether or not it is to be 
used for power) and connected to the 
plant conduit system and grounded as 
effectively as possible on the customer’s 
premises. The common neutral system 
of grounding would appear to provide an 
alternate method of accomplishing the 
same result. 
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onential Is Ideal 


» 


Re oe 


_However, time-deflection characteris- 


n fluctuating loads they can theoretically 
ve slightly different readings. The fol- 
wing discussion of theoretical and prac- 
cal time-deflection curves will indicate 
\ desirability of a simple exponential 

haracteristic for the thermal meter. 
Figure 1 shows typical theoretical time- 
indication characteristics of thermal me- 
bs when a constant load is applied. 
Curves a and b differ by the fact that the 
demand interval or time to reach 90 per 
cent indication is 15 minutes (k is 0.1535) 


TIME — MINUTES 


(A) 


A. Load cut to zero after equilibrium tempera- 
ture is reached 


stant applied load, whether or not the 
indication starts or ends at zero, and 
whether the indication increases or de- 
creases. It is interesting to note that the 
instantaneous deflection is equivalent to 
the sum of two hypothetical indications, 
one of which starts at zero and rises to the 
ultimate deflection of the meter, and the 
other of which starts at the initial indica- 
tion of the meter and reduces to zero, 
both following the locus given by equation 
2. 

It is also interesting to note that k, 
which determines the demand interval has 
a dimension equivalent to the reciprocal 
of time and is a function of the heat in- 
sulation of the heated parts (increasing as 
the insulation decreases), and a function 
as well of the heat capacity of the heated 
masses (increasing as the capacity de- 


INDICATION — PER CENT 
INDICATION — PER CENT 


ie} 20 40 60 80 100 
TIME — PER CENT OF DEMAND INTERVAL 


(B) 
B. Constant load applied from zero 


Figure 2. Time-indication curves of typical thermal watt-demand meters 


or a, and 60 minutes (& is 0.0384) for b. 
Surves c and d have 15-minute demand 
ntervals but start with an initial indica- 
ion. Each curve can be expressed by 
he “exponential” equation: 


V = Wi(1—e™) + Woe (2) 
See appendix A) 
vhere 


W =instantaneous deflection of pointer 
V) = deflection of pointer at zero time 
V,=ultimate deflection for load involved 

e=2.718 

k=a design constant 

t=time 


W, Wo, W; must be expressed in the same 
nits, and k must be in units the reciprocal 
f the units for t¢.) 

The well-known expressions W= Woe ™ 
nd W=W,(1—e-) for the transient re- 
urn of the indication to zero when power 
cut off, and the rise to ultimate deflec- 
on when a constant load is applied from 
sro deflection, can be seen to be special 
uses of the above more general equation. 
quation 2 holds for conditions of con- 
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creases). This same k represents in mag- 
nitude the reciprocal of the time that 
would be necessary to attain proper de- 
flection if there were no heat escape. It 
also represents the reciprocal of the time 
necessary to accomplish a change in in- 
dication represented by the following frac- 
tion of the total change: 


The fraction is: 


1 
(: -*) =0.632 approximately 


If the load varies at a uniform rate (see 
appendix B), either increasing or decreas- 
ing, & has further physical significance be- 
cause 1/k represents the time between the 
atrival at some particular watt load and 
the indication of that load by the meter, 
providing the rate has been uniform long 
enough (three demand intervals) for this 
time lag to become essentially constant. 
This time lag is independent of the rate 
of change of watts and the meter demand 
interval is directly proportional to it if we 
consider simple exponential characteris- 
tics. 


Lynch—Thermal Watt-Demand Meter 


Time-Deflection Curves in Meters 


No commercial meter in the past has, 
to the writer’s knowledge, attained ex- 
actly an indication given by equation 2. 
Curves ¢ and f in Figures 2A and 2B repre- 
sent typical time-deflection curves of ac- 
tual meters which have been converted to 
equivalent demand intervals in g and h 
and are plotted decreasing from an initial 
value on semilog co-ordinates in order to 
easily compare them with the straight 
line p of Woe~*. : 

An investigation of time-indication 
curves on any particular type of thermal 
meter indicates that there are small varia- 
tions from meter to meter in the demand 
interval due to limitations in manufac- 
turing control. We find also that in the 
same meter there are differences depend- 
ing on the conditions of load and ambient 
temperature. We can reason from this 
that for a ‘15-minute demand interval” 
meter the actual demand interval should 
not be less than 15 minutes under any 
normal conditions of use in order not to 
read high on certain conditions of load, 
and we find practically all meters on the 
market which are considered satisfactory 
today for use as 15-minute demand inter- 
val meters fall within limits from 15 to 


‘21 minutes interval. 


When we consider differences in the 
curves in Figures 2A and 2B, we find 
another fundamental characteristic which 
although small might appreciably affect 
the meter readings in certain isolated 
conditions. This effect is easily demon- 
strated by applying a load which would 
give about full-scale deflection in 40 
minutes and cut the load off at the end of 
five minutes. If we consider the “‘ex- 
ponential” characteristic as shown in p 
as a standard of comparison, we find that 
a meter with a characteristic similar to e 
may read high by eight per cent of full 
scale, and a meter similar to f may read 
low by eight per cent at the instant the 
power is cut off. These should not be 
considered as errors as the definition of 
the time-deflection characteristic deter- 
mines these differences. The meter follow- 
ing the d curve will continue to rise for a 


Figure 3.  Time- 

indication curves for 

typical thermal watt- 
demand meters 


INDICATION — PER CENT 


Uniform load cut to 

zero before thermal 

equilibrium has been 
attained 


TIME — MINUTES 
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little time after the power is cut off but — 
will not quite reach the maximum value. 


reached by the ‘“‘exponential’’ characteris- 
tic. Figure 3 shows this characteristic 
graphically. It will be noted that meters 
with the f characteristic lag behind 
changes in load, while meters with the 
simple ‘“‘exponential’’ or the e type of 
characteristic will change direction im- 
mediately in the direction of the new load 
value. 


Simple Exponential Curve Desirable 


From this brief discussion we can reason 
that as far as thermal meters are con- 


O% LOAD 
TO HEAT 
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TIME — PER CENT OF DEMAND INTERVAL 
Figure 4. Time-indication curves of special 
thermal watt-demand meter 


Cooling curves after loads as shown 


cerned, subject, of course, to any con- 
siderations which rate engineers may find 
of importance, the simple “‘exponential”’ 
time-indication curve published as char- 
acteristic of thermal meters is desirable. 
It is desirable if an acceptable time-indica- 
tion curve is to be defined, for it allows a 
relatively simple mathematical definition 
of the shape of the curve. And more im- 
portant is the fact that it is the only char- 
acteristic which will indicate ‘“ogarith- 
mic’ average for all types of loads. 


Multibranch Thermal Circuits 


The reason for the divergence of com- 
mercial-meter characteristics from the 
simple exponential has been attributed to 
diffusion. 

Figure 4 shows performance curves of a 
60-minute-interval thermal wattmeter 
illustrating an exaggerated condition of 
this diffusion which appeared in a paper 
presented by P. M. Lincoln before the 


766 TRANSACTIONS 


Institute. The design constant, k was 
treated as a variable to account for the 
results. A slightly different treatment of 
the curves may be of interest and offers 
some advantages from a mathematical 
point of view in determining their shape. 

The analogy shown in Figure 5 illus- 
trates that multiple-branch thermal cir- 
cuits may be expected to cool in a con- 
stant ambient according to the expo- 
nential: 


W=W)(Are“*! + Ave"! + Age", w+ 
Ane) (3) 


‘We can use the following expression to 


predict changes in indication when any 
constant load is applied: 


W=WolAre*t Ase"... +A,e-) + 
W(1— 1 Act A, AF alk eee 
A yen) (3a) 


In these equations Aj, Ae, ki, ke, and so 
forth are complicated functions of the 
storages and heat-transfer coefficients of 
the various branches. The form Woe—™ 
referred to in various literature on thermal 
demand meters has been referred to above 
as a special case of equation 2, and equa- 
tion 2 can be seen to be a special case of 
this more general equation 3a. 

P. M. Lincoln has shown that the 
simplified expression is inadequate to ex- 
plain the results of his tests unless we 
treat k as a variable. However, the re- 
sults shown in Figure 4 can be predicted 
approximately from an equation such as 
3, carried out to three terms as below: 


7o(0.19¢-°:22# 4.0.5 1¢—0-2802 4 
0.302018 (4) 


Indication = 


This curve is plotted in Figure 6 where 
the first term is given as a dotted line, the 
second term as a dash line, and the third 
term as a dot and dash line, and the total 
as a full line. This curve checks reason- 
ably with the per cent indication versus 
time curves (after ten-hour heating). 
Another group of curves (Figure 7) shows 
the heating curve for ten minutes at 145 
per cent load and the following cooling 
curve when the load is removed, as given 
by constants in equation 4. Crosses in- 
dicate points calculated by considering 
the multiple-branch circuit as used in 
equation 4, and the circles represent points 
taken from Doctor Lincoln’s meter data. 
The correlation is considered reasonably 
good for a first approximation of coeffi- 
cients and exponents in the above equa- 
tion. This allows us to think of meters of 
this nature as if they were the equivalent 
of multiple-branch thermal circuits with 
more than one.constant k. Thus al- 
though such a meter reaches about 90 per 
cent of its final indication in 60 minutes, 
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its final indication within reading limits 


will depend on the coefficient and power 
terms of one or more of the terms in equa- 
tion 3. This may result in an extremely 
long time when considered from a testing 
point of view. In the above equation 4 
for the 60-minute characteristic shown in 
Figure 6, k; corresponds to a demand in- 
terval of about 2.5 minutes and k, to an 
interval of about ten minutes and k; to 
an interval of about two hours. Doctor 
Lincoln has shown that meters with per- 
formance closer to the simple expression 
W=Woe™ can be built. 


Time-Indication Curves of ‘‘Square”’ 
Scale Meters 


When we consider the time-indication 
curves of a demand meter with a ‘“‘square”’ 


A. Simple circuit 
Thermal 


Electric 


— 216-6 


B. Multiple (two-branch) circuit 


Thermal 


Electric 


V [Bie Oe 


Boe 224 


Bi, Bo, bi, be are functions of M,Cy, M.C,, 
(hA)y, (hA)e, (hA)yo or Gy,-Ce, Ro, Rer Roe 


Figure 5. Comparison of thermal and electric 
circuit 


=62[Bie 0 + v= 


Boe boat ] 


M=mass 

c =specific heat 

C =capacitance 

h =heat transfer coefficient 
A =area 

R =resistance 

6 =temperature difference 
v =voltage 

62 =initial temperature difference 
V =initial voltage 

4 =ambient temperature 
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: ae xe j a iaethee' eisestats. 
i piooes *The time-deflection char- 
<j ristic of the wattmeter (as a simple 
hermal circuit) in general form has been 
en in equation 2 for constant applied 
ads. The time-deflection characteristic 
f a “‘square”’ scale meter can be expressed 
sim eo but since the indication i is not 


sxpression for indication: 


= VASA 8) 


A =instantaneous indication on a “‘square’’ 
scale (constant load) 

Ao=initial indication on a “‘square’’ scale 
=final indication (constant load) 


This reduces Aye“?! when load is cut 
off. This has the same form as Woe~, 
and the cooling curve of time-indication 

ill have the same general shape as the 
Qrattmeter, but since the exponent is 2/2, 
it will take twice as long to cool to any 
percentage indication. 

If the load starts at zero indication 
equation 5 reduces to 


A — V ee 


It can be seen that this does not have the 
same form as W=W,(1—e—™), which is 
the equivalent on a uniform scale. These 
curves are shown graphically in Figure 8. 

It may seem desirable to keep the shape 
of the time-indication curves of “square” 
scale and uniform scale meters on increas- 
ing loads (starting at zero) as nearly alike 
as possible. It has been proposed to de- 
crease k for the ammeter to half the value 
for a wattmeter. This gives curve 1 
shown in Figure 8 (as compared to curve 
7). It also gives a cooling curve m which 
is indeed slower (compared to7). Sucha 
meter not only will differ in basic con- 
struction but also will theoretically differ 
on varying loads when compared to the 
uniform scale meter. 

Another alternative suggested is to 
utilize the design and construction of the 
wattmeter, which requires changing the 
definition of demand interval so that the 
fraction of final indication of a “square” 
scale meter is the square root of that of a 
uniform scale meter. Thus, if the watt- 
meter is kept at 90 per cent for the de- 
mand interval definition, the ammeter 
would then be V/0.90=0.95 or 95 per 
cent. Such a meter does not have the 
same characteristic as a uniform scale 
meter, and its reading will differ on vary- 
ing loads when compared to the uniform 
scale meter. (See & and / of Figure 8.) 
However, if the basic characteristic of 
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| 


\ 


‘interest is the heating effect, then the 


characteristic of this meter favorably com- 
pares with that of a uniform scale watt- 
meter. Perhaps in such a case, the scale 
marking should be in terms of amperes 
squared. 

It is interesting to note that differences 
of watt- and ampere-demand meter read- 
ings on normally encountered loads have 
been sufficiently small to allow the use 
of meters with many of the varying 
characteristics described above with satis- 
factory results, 


Operating Characteristics 


With a knowledge of the fundamental 
operation characteristic of thermal meters, 
let us consider how it is affected with time 
or with changing conditions of load 
power factor, ambient temperature, and 


soforth. One of the important considera-. 


tions in reliability of a meter of this kind 
is mechanical stability in which sturdi- 
ness of construction and constant friction 
are important factors. These factors are 
especially significant in meters which are 
to be maintained with a minimum of 
skilled servicing and equipment. Most 
meters with maximum indicating pointers 
have friction clutches to hold one pointer 
in the position of its maximum indication. 
Experience over a long period of time has 
shown that there is a more or less definite 
range of optimum friction in such cases. 
This is due to the fact that over the range 
that is normally used, the friction becomes 
more constant, the greater the magnitude 
of the friction. However, at the higher 
values of friction, its magnitude is objec- 
tionable, and at the very low values its 
variation with time, temperature condi- 
tions, and so forth, is equally objection- 
able. A value from 30 gram-millimeters 
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Time-indication curve including 
components 


Figure 6. 
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up, in a design which has been used for 
many years, has proved very satisfactory 
as far as consistency is concerned, 


High Torque Desirable 


To utilize frictions of this order of mag- 
nitude and still have them only approxi- 
mately 11/) or 2 per cent of the full-scale 
meter torque requires a meter torque of 
1,500 to 2,500 gram-millimeters or a torque 
gradient of about 20 to 35 gram-milli- 
meters per degree. Most thermal meters 
on the market today of the bimetal type 
do not utilize such high torques and rely 
on the lower friction torque remaining as 
constant as is required. The limiting 
features in obtaining higher torques are: 


1. The amount of bimetal that is used, 
which is limited by other considerations such 
as space requirements, and so forth, and 
which has a definite influence on the demand 
interval of the meter. 


2. The temperature at which the radiation 
or convection becomes an appreciable factor 
and the maximum temperature that the 
structure can stand. 


To increase the operating temperature of 
the temperature-sensitive element with- 
out raising the temperature of the in- 
sulating parts of the heater requires better 
efficiency of heat transmission from the 
heater to the heated element. In recent 
years progress has been made toward 
greater efficiency and at the same time to- 
ward limiting convection and radiation by 
resorting to a bourdon tube actuating 
element with its bulb covered by a ther- 
mos bottle. This has gone a long way to- 
ward the achievement of high torque with 
low watts input. Inherent in a bourdon- 
tube design, however, is the hazard of 
leakage, one that must be eliminated by 
proper design, taking into consideration 
the long ranges of loads, power factors, 


-and ambient temperatures over which 


modern meters are expected to function, 
and realizing the pressures that are set 
up in the tubes to meet these conditions. 
Added to this problem is one of choosing 
the best liquid for the bourdon tube. The 
problem is to obtain one which will not 
cause difficulty at lower temperatures and, 
at the same time, will have satisfactory 
temperature-expansion characteristics 
over the range required. With the use of 
demand meters in outdoor installations, 
this limiting feature assumes importance 
for temperatures below 32 degrees Fahren- 
heit and more especially, for temperatures 
as low as —40 degrees Fahrenheit, which 
although perhaps not common, might cer- 
tainly be encountered in some installa- 
tions. Many liquids are available and 
much experimental work has been done in 
this direction. * 
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Internally Heated Bimetal System 


But when we consider difficulties of this 
nature together with others such as the 
hysteresis effects in bourdon-tube springs, 
and so forth, we realize the desirability of 
finding another method of attaining 
better heat-transmission efficiency which 
can be used with the time-tested bimetal 
spiral construction. Such a method is 
available if we heat the element by current 
through the bimetal itself. Here no loss 
is encountered, because the heat is gen- 
erated where it is wanted. We thus get 
the highest possible efficiency of trans- 
mission and can limit radiation by means 
of controlled surfaces and convection by 
means of limited air spaces which, be- 
cause of research work done in recent 
years, offers a practical solution. 

If this arrangement is utilized to obtain 
the maximum efficiency of heat trans- 
mission possible, full-scale torques of the 
order of 2,000 grams-millimeters are 
readily obtained, and we can continue to 
use the time-tested bimetals as the acti- 
vating element, where past experience and 
the vast amount of work that has been 
done by bimetal companies and meter 
manufacturers on heat treatment and the 
aging process insures stability of the bi- 
metal characteristics. Moreover, uni- 
formity of bimetal characteristics has re- 
cently been the subject of intensive 
investigation and has resulted in closer 
perfection of bimetal spirals with far more 
consistent characteristics than have been 
obtainable in the past. 


Effect of Temperature Coefficient of 
Bimetals 


One of the interesting phases encoun- 
tered in taking advantage of the internally 


Figure 7. Time-indication curves 


Constant load cut to zero before thermal 
equilibrium has been attained (showing 


components) 


100 


heated principle is occasioned by the fact 
that all suitable bimetals have a positive 
temperature-resistance coefficient. This 
has led to the following equations from a 
simple mathematical solution of Figure 10 
giving the indication of such a meter: 


RR 
W =4I pI cos | [tet RR = 


1 RA = 2] 
(Ri+-R:)? 


Since 


Therefore: 
W=4EI | RR + 
= cos Ren a 
(Ri+ Rs)? 


al Ri-R: + 1 RM =] 
(Ri +R)? (Ry +Rs)? 


R,=akR, where a may be a variable as load 
conditions vary 


If: 


a 
W=4KkI Ol == 
cos Bag 


= a—1 ] Feed 
= —PR, (6) 
Ro (a+1)? (a+1)? 

This general equation enables us to 
make a selection of a value for a when the 
meter is not excited and a value for the 
ratio of I to I, which will give satisfac- 
tory values for W when EI cos @ is kept 
constant, and ambient temperature, volt- 
agé, power factor, or load is changed 
through limits ordinarily met in service. 
These are two design constants which the 
design engineer can vary to obtain the 
optimum condition for this sort of meter. 

When a is equal to 1.0, the last two 
terms of this equation disappear. How- 
ever, if a differs slightly from 1.0 we can 
take advantage of the changes in these 
last two terms with temperature, power 


factor, and so forth, to obtain some slight 
compensation for small inherent errors. 

An important bimetal characteristic 
which enables a simple: mechanical con- 
struction to meet these requirements is the 
fact that the torque per degree tempera- 
ture rise is independent of the length of a 
bimetal coil. We can therefore buck two 
bimetal coils on a single shaft to obtain 
complete temperature compensation at 
no load, and at the same time get the re- 
quired ratio in resistances by using coils 
of different lengths. Modern bimetal-coil 
manufacturing procedure has made pos- 
sible the satisfactory matching of coils of 
this nature. 


Data on Actual Meter 


It is interesting to note how these ob- 
servations are confirmed in a sample 
meter built to take advantage of this high 
efficiency heat generation thus giving a 
high torque bimetal meter. Figure 9 illus- 
trates such a meter and Figure 10 gives 
its wiring diagram. The most important 
operation characteristics are tabulated in 
Table I and indicate the possibilities 
which may be utilized in development 
along these lines. Important is the fact 
that generation of heat in the bimetals 
allows such rapid diffusion of heat that 
there are possibilities that the necessary 
voltage heat-up before test can be short- 
ened and that the time deflection curves 
actually will follow the desirable simple 
exponential curve. 


Conclusions 


A great deal must be discussed in 
elaborating on the various time-deflection 
characteristics obtainable in thermal watt- 
demand meters but experience has in- 
dicated that since demand is not an exact 
quantity, and since rate structures must 
vary for different classifications of load, 
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athe Riarainess, together with 
torque, are desirable qualities to 
n this greater accuracy. 

This high torque is obtainable with the 
ne-tested bimetal type of thermal watt- 
er by taking advantage of the “‘in- 
ally heated’ principle which gives 
imum heat transfer efficiency and 
gives a time of response characteristic 
much closer to the ideal simple expo- 
ne ntial than has been attained in com- 
Bal meters in the past. 

The preceding data of a typical meter 
developed to give high torque by means 
of internally heated bimetal construction 
indicates that a superior all-around meter 
has been designed, and that this principle 
of operation is worthy of consideration as 
he basic design of thermal watt-demand 
meters. 


Appendix A’ 


The general time-deflection response 
equation is developed here for a device 
indicating the difference in temperature of 
two similar bodies connected by a thermal 
shunt when constant heat inputs (or zero 
input) is applied to each body, the bodies 
starting at any initial temperature or tem- 
perature difference. 

Let 


H, =rate of heat applied to A (gram calories 

, per second) 

_H,=rate of heat applied to B (gram calories 
per second) 

h=thermal conductivity from A or B to 
ambient (gram calories per second per 
degree centigrade) 

Q=thermal conductivity of shunt (gram 
calories per second per degree centi- 
grade) 

6: =initial temperature of A (degrees centi- 
grade) 

02 =initial temperature of B (degrees centi- 
grade) 

6,=instantaneous temperature of A above 
6 (degrees centigrade) 

6=instantaneous temperature of B above 
Q2 (degrees centigrade) 

M=heat stored in A or B per degree centi- 
grade (gram calories) 


The conservation of energy equations be- 
come - 


Hydi —O(6 = Py +6 —6o2)dt = h(6o1 + 6,)dt-+- 
Mdé, 


Hydt +0 (0, — 02+ 001 — 902) dt = h( 802+ 62) dt + 
Mdé, 


wer 
60, — 902 = Wo and (601+61) — (402+ 42) 
=W and 6;—6.= W2 
d6, +d6,=d(0,+62) =dW2 
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The time-deflection response of thermal 


Peractars is proportional to the temperature 
difference W. 


‘ 


Then by subtraction and substitution 


(H, —H2)dt —20(Wo+ W>)dt = 
h(W2+Wo)dt-+ MdW, 

dW: h+20,,_Ih—H, h-20 

dt ela | ache NU nioe 

Let 


p=d/dt, and 1=Heaviside’s unit operator 
(see reference 4) 


Feat 


We 


h+20 ro| Bt Hy, h+2Q 
ws ral Ade Cue lt 
—Hy -" te 
» [tit - Wo x 
1 
h+20]1 (1) 
eM 
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Figure 9. Single-phase watt-demand meter 


15 amperes, 240 volts, 60-cycle, three-wire 


Figure 10. Wiring 
diagram for single- 
phase watt-demand 
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Lynch—Thermal Watt-Demand. Meter 


From stmple operational calculus 


By definition above 


W=W2+-Wo 


Let 


Sie a irand era 
FeO ae? Bee 


Then 
W=W,(1—e~") + Woe (2) 


Appendix B 


The response of an object such as a theo- 
retical thermal watt-meter is developed here 
for three conditions of loading: 


(a). Where the load is any function of time. 
(b). Where the load is constant. 


(c). Where the load increases at a constant rate. 


The response is of such a nature that it is 
directly proportional to the temperature of 
a mass where the mass is supplied with a 
heat input proportional to the load; and 
this input is utilized both in raising the 
temperature of the mass and in supplying 
the heat escape which is proportional to the 
temperature of the mass. 

Let 


h=thermal conductivity from mass to 
ambient (gram calories per second 
per degree centigrade) 
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Table |. Characteristics of a 15-Ampere 240-Volt Three-Wire Single-Phase Thermal Watt- 
; Demand Meter 


(Typical Average Values for an Experimental Internally Heated Design) 
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meter size 


hf(t;)=rate of heat applied (gram calories 
per second) 

#=temperature (instantaneous) of mass 
which is proportional to meter de- 
flection (degrees centigrade) 

t=time (minutes) 

W=angular deflection 


The conservation of energy equation be- 
comes 


hf (t;)dt = hedi4+- Mde 


Then 

do h h 

a lt) ]=[f(t) —0] where & a 
Let 

ies p, and 1 = Heaviside’s unit operator (see 


reference 4) 


(p+k)o=hf(t) 1 


=F naon=a 5] P| ()] 1 
pe ee ip ll pele 


From Borel’s theorem: 


tte aa 
a a I 


Y2(p) =f(h) 1 


t 5 
ann f ee WAG dh (1a) 
0 


This shows that the temperature @ of 
the indication W is proportional to the sum 
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of all the instantaneous values of f(t) each 
multiplied by a factor, e~*¢—“), which de- 
creases exponentially as the time, t, of 
the instantaneous value of f(t) is taken back- 
wards from the time, ¢. The value ¢ is 
the time of the instantaneous value of the 
indication W or temperature 9 being con- 
sidered. 

(a). This function, 


t 
k if Lf(ts) fe *¢—™ Ide, 
0 


can be designated by definition as the 
logarithmic average of f(t) at any time, ¢, 
and is the value a simple theoretical thermal 
watt-demand meter indicates. 


(b). If f(4) is a constant such as W, after 
starting from zero indication, the expression 
becomes 


Widl—-e™) 


When the transient €~* becomes small, 
the meter will read W, or the equivalent of 
a block interval type of meter. 


(c). But if f(t) is directly proportional to 
time such as A? the expression reduces to 


et 
Aja eee 
Eden 


This indicates that after the transient 
A/k(e~™) becomes small (about three demand 
intervals), the meter will have approached a 
constant increase in deflection: 


dé d A 
— when e “ is small=—{ At—— )=A 
dt dt k 


Lynch—Thermal Watt-Demand Meter 


LOAD = At 
WHERE A=0.2— 
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Figure 11. Indication lag of a thermal watt: 
demand meter on a constantly increasing load 


x—points for curve 


Ar tA ae 
At— pigs € 
where A=0.2 
K=O 


(demand interval =17 minutes 


Also since the deflection, if it followed 
watts input, instantaneously would be pro- 
portional to Af. ' 

And since the deflection, after the tran- 
sient term becomes small, is At—A/k,; 
therefore the reading will lag in deflection 
by A/k, and since the rate of change of 
deflection is A, the reading will lag in time 
by 1/k. 
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of Circuit Transient 


; Recovery Voltages 
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HILE there have been a number of 

papers on recovery voltage and its 
effect on the operation of circuit-inter- 
rupting devices, and although the tran- 
sient recovery voltage and its character- 
istic are assuming a more important place 
in the design and application of circuit 
breakers with the growth and increasing 
capacity of power systems, there has not 
been available to the average power- 
company engineer a convenient method 
for determining this characteristic. The 
present paper offers such a method and 
also tabulates capacitance data for the 
more important circuit elements. 

This method was developed in con- 
nection with a survey conducted by the 
Association of Edison Illuminating Com- 
panies to obtain a comprehensive picture 
of existing circuit recovery-voltage con- 
ditions. In order to review the charac- 
teristics for practically all breaker loca- 
tions on the six power systems studied, it 
was necessary to develop a method that 
could be applied with minimum effort and 
time. The results of this survey are 
given in the companion paper, “Transient 
Recovery-Voltage Characteristics of Elec- 
tric-Power Systems,” by H. P. St. Clair 
and J. A. Adams. 

For different locations having the same 
voltage and short-circuit current duties, 
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the transient recovery characteristic may 
vary with high-voltage values of approxi- 
mately the same magnitude occurring 
over a time range of almost one hundred 
to one. From one end of this range to the 
other considerable differences may occur 
in the performance of some types of 
breaker. However, a moderate change in 
time to the first high peak usually pro- 
duces a comparatively small change in 
breaker performance; a change in this 
time of ten to one, for instance, might 
produce a two-to-one change in arc 
length. In this situation it will be obvious 
that high accuracy is not required in the 
determination of the recovery transient, 
so that approximations which might be 
intolerable in some other applications be- 
come here quite permissible. This is 
very fortunate, for the circuits involved 
are far too complex for precise mathe- 
matical analysis and in many cases do 
not lend themselves well even to minia- 
ture system analysis. With a certain 
amount of approximation, however, these 
circuits may be simplified to the point 
where a mathematical solution is not too 


Representative recovery-voltage 
circuit 


Figure 1. 
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arduous, It is believed that the method 
outlined below will give results with an 
error of less than 20 per cent, which is 
considered quite reasonable. Tests have 
shown that in some cases much greater 
accuracy can be expected. Only sufficient 
discussion is given to explain the method 
of calculation and for a more complete 
analysis of the problem reference should 
be made to the various papers listed in 
the bibliography. 


Definitions and Basis of Calculation 


The circuit recovery voltage is the volt- 
age that appears across the contacts of a 
circuit-interrupting device immediately 
after it opens the circuit. Just before 
interruption the voltage across the con- 
tacts is limited to the arc voltage, and at 
the instant the arc is extinguished the 
voltage attempts to recover to the gen- 
erated value. Since most short circuits 
are limited principally by reactance, in 
the usual case of a symmetrical current 
wave, the generated voltage is near its 
peak value when the circuit is interrupted 
at current zero and, therefore, the voltage 
recovery is from practically zero to peak 
voltage. This recovery is prevented from 
taking place instantaneously by the ca- 
pacitance of the circuit and, because of 
the circuit characteristics, it may oscillate 
at high frequencies to nearly double its 
final value. Usually the capacitances in- 
volved are very small, and the recovery 
occurs in a matter of microseconds. For 


FAULTED FEEDER ==> ae a 


STATION CIRCUIT 
BUS BREAKER 
° 


= 


REACTOR FAULT 
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successful interruption the dielectric 
strength between the contacts of the inter- 
rupting device must exceed at all times 
the transient recovery voltage. 

The method of calculation gives the 
circuit transient recovery-voltage char- 
acteristic and does not take into account 
any modifying action that the breaker 
may have on the characteristic. On an 
actual circuit the recovery-voltage char- 
acteristic may be modified by one or more 
of the following factors: 


1. Asymmetry of the current wave. 


2. Decay of flux in the generators during 
short circuit. 


8. Arc voltage drop in the fault. 
4. Arc voltage drop in the breaker. 


5. Conduction current in the breaker after 
current zero. 


These factors usually reduce the 
severity of the recovery-voltage character- 
istic. In order to compare calculated 
with test results, it is necessary to account 
for these factors when analyzing oscillo- 
grams obtained on test. 

The calculation of the transient re- 
covery-voltage characteristic involves the 
determination of the natural frequencies 
and voltages of the circuits affecting the 
recovery voltage from the inductances 
and capacitances of these circuits, and the 
combination of these values to obtain the 
voltage wave across the open breaker con- 
tacts. It is often not sufficient to obtain 
only rate of rise to the first peak, as this 
peak may be relatively low in comparison 
with some later peak which may be more 
important from the standpoint of breaker 
interrupting ability. Therefore, it is im- 
portant to obtain a fairly complete volt- 
age characteristic. The envelope over the 
wave is usually sufficient for this purpose. 


Method of Calculation 


The complete recovery-voltage circuit 
includes the inductance and capacitance 
of each piece of apparatus and of each 
line and connection. The mathematics is 
considerably simplified if distributed 
capacitances such as occur in transmission 
lines and cables are replaced by lumped 
values. Figure 1 shows a representative 
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213k 


Figure 2. Simplified ap- 
proximation of Figure 1 


2131-3 


Simplified approximation 
of Figure 2 


Figure 3. 


circuit resulting from this simplification. 
This circuit might correspond to that for 
a feeder breaker with a reactor on the 
feeder side of the breaker and a fault im- 
mediately beyond the reactor. Between 
the breaker and the feeder reactor is a 
capacitance to ground which is contrib- 
uted by half of the breaker, half of the 
reactor, and the conductor between them. 

On the bus side of the breaker is the 
capacitance of the bus and connected 


Table |. Capacitance for Circuit 1 


Micromicrofarads 
RVGACTOR marcia versc cis ereisheherslehsi snoneteleh Nene mater 100 
Breakerland) |bwshittig cer sisi aielentate 170 
3 bus insulators—3 X12........62..+- 36 
7¢ of connections—7<7e «210.100. 0 e106 49 
‘Total capacitancerrmistesaiaineistteresicne 355 


equipment. There are shown lumped re- 
actances corresponding to generator, 
transformer, and feeder reactors. Trans- 
formers themselves are also represented 
here since they constitute substantially 
lumped reactances with a comparatively 
small amount of capacitance. Beyond 
these lumped reactances will be found the 
relatively large capacitances of generators, 
transmission lines, and cables, and, finally, 
completing the circuit, the additional re- 
actances of the sources themselves. 

The circuit shown in Figure 1 is too 


oe Sr 


Table Il. Capacitance of Circuit 3 


a 


— 


Microfarads — 
Leads to 2 transformers. .... 2X0.584 =1.168 
2 transformers.......-.---- 20.0048 =0.0096 
2 generators. .....-.--+-+++ 2X0.13 =0.26 
2nd bus section (similar to 
ite 18 ct ooo baaene cao =0.02 
4Alines'. daa detainee Pes svsigate oleh» =4.0 
5.4576 
(Use 5.45) 


by paralleling reactances and capacitance: 
in the source circuit and also in the out 
going feeder circuit, it is reduced to the cir 
cuit of Figure 2. This involves an approxi 
mation which would not be permissible 
in very precise work but will, in general 
be satisfactory for the present purpose. 

In a similar manner the circuit of Fig 
ure 2 is reduced to that of Figure 3. 

It is possible to go immediately fron 
the circuit of Figure 1 to the circuit o: 
Figure 3 by means of the following pro 
cedure. 


1. Determine the parallel reactance of al 
reactors connected to the bus except thi 
one on the faulted line. Use the correspond. 
ing inductance as Ly». 


2. Add together all the capacitances con 
nected on the left side of these reactors. Thi 
resulting sum is C3. 


3. Determine the inductance correspond 
ing to the reactance limiting short-circuit 
current on the bus. Subtract ZL. from this 
inductance. The result is Zs. 


The transient corresponding to each o: 
these circuits consists of a number of! 
oscillations of different voltages, different 
frequencies, and different damping fac- 
tors. Each of these oscillations considerec 
by itself starts from zero and leaves ¢ 
certain voltage across the breaker wher 
it has died down, oscillating in the mean: 
time between zero and twice that voltage 
value as shown in Figure 19. Figure 11 
shows a transient in which a number ot 


complex for convenient treatment and so Bors oscilla pcneacis pane ode 
equation for such a transient is 
; fade ay E=e,(1—€~* cos 2rfit 
Figure 4. Station single-line diagram il -a oi ies 
ex(1—€ * cos 2xfet) + 
*Breaker for which calculation is made e3(1—€~%* cos Qrfzt) +... 
FAULT. OUTGOING OUTGOING OUTGOING 
INES STAs LINES LINES ita? 
SOURCE LT. & PWR. SOURCE 
x 
B10% BlO% B40%S22.8 [60% B80%B40%~BEo% S80%S80%S22.8 % 
a AD Ine h aay fant fan = Ft} + 
14.6% 
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CIRCUIT | 


Figure 5. Reduction of system to three 
circuits 


where ¢, é, és... are the voltages as- 
sociated with the various oscillations, 
i, fe, fg ... are the corresponding fre- 
quencies, and ay, de, a3... are the re- 
spective decrement factors. Each of 
these oscillations may be considered to 
be associated with one inductance—ca- 
pacitance pair (sometimes modified by 
the presence of the remainder of the 
circuit), and the voltages and fre- 
quencies are determined from the induct- 
ances and capacitances of these pairs. 
Where an inductance and capacitance 
stand by themselves, as do ZL; and CG in 
Figure 3, the frequency associated with 
them is given by the well-known formula 


ss 
2xV LC 
and the voltage is equal to normal crest 
voltage times the ratio of the particular 
mductance concerned to the total in- 
juctance of the circuit. Where two ad- 
lacent circuits are coupled inductively or 
sapacitively, however, they will react on 
2ach other, and this must be taken into ac- 
sount in determining frequencies and volt- 
ges. Boehne* has developed a method 
or doing this with two circuits so coupled. 
Quite often with two adjacent circuits, 
the frequency of the first circuit is much 
ligher than that of the second circuit, 
ind the coupling capacitance is so high 
hat it offers negligible impedance to cur- 
ent in the first circuit. In such a case 
airly accurate results may be obtained 
yy solving the two circuits independently. 
This is particularly helpful, where there 
re three or more adjacent circuits, in 
educing the number to two so that 
30ehne’s procedure can be applied. 


Table Ill. Voltage Distribution 
Per Cent 

Sircuit Inductance Voltage Volts 
Raeleerebtgs ot 0.000366 (ER)... 10-025. 1,690 

Be chen Cia 0.000865 (Ls)..>- 23.5.... 3,970 

[» (Raa 0.002020 2 GAD... 9,210 

Sh ea @ronk 0.000445 ee 210. eee a0), 

0.003696 eee OOkOnet 6.900 
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The decrement factors involve the re- 
sistances associated with the circuits, 
Since it is difficult to carry resistance 
values through these reductions, and 
fairly wide variation in decrement factor 
introduces comparatively small variation 
in the initial part of the curve, an ap- 
proximate value for the decrement factor 
can be used for all circuits. In the survey 
referred to above, a factor which gave a 
decrement to 85 per cent of the initial 
value at the end of the first half-cycle was 
used for each oscillation, This factor 
gives a decrement to 20 per cent of the 
initial value in five cycles. This was 
based on observation of the decrement 
indicated in a number of cathode-ray 
oscillograms taken on actual circuit inter- 
tuptions. Figure 19 shows a wave with 
this decrement. 

This method must be considered to be a 
very much simplified one which will give 
results with reasonable accuracy in a 
great many cases. While it would be more 
accurate to consider both positive- and 
zero-phase-sequence values for all circuits, 
this will introduce additional complication 
which does not seem to be warranted ex- 
cept in special cases. Caution should be 
exercised, particularly where a higher 
degree of accuracy is desired, in simplify- 
ing circuits by the method suggested to 
avoid introducing unnecessary errors. 

Inductances for circuits and equipment 
can be obtained from the reactance data 
used for short-circuit calculations. Ca- 
pacitance data can be obtained by direct 
measurement when the circuit can be 
isolated, and when measuring equipment 
is available. However, if this is imprac- 
tical, sufficient accuracy can be obtained 
by summation of the capacitances of the 
various circuit elements. Capacitances of 
equipment can be obtained from the 
manufacturers, the capacitances of cables 
and wires can be determined from stand- 
ard formulas given in most handbooks, 
and those of copper connections in cells 
can be estimated by graphical methods.® 
Some data are given in the appendix for 
the more important circuit elements. It 
is extremely important that the capaci- 
tances of the higher-frequency circuits be 
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Figure 6. 
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Equivalent circuit—three-phase 


estimated accurately, especially when the 
voltages associated with them are a rela- 
tively high proportion of the total voltage. 
The following example illustrates the 
method of calculation. While there are 
various methods of simplification for cir- 
cuits, only a few possibilities are illus- 
trated. Various factors are brought out 
in the discussion of this example which 
have not been covered in the foregoing, 


Example 


This calculation obtains the transient 
recovery-voltage characteristic for the 
first phase of a breaker to open a three- 
phase ungrounded fault on a generating 
station feeder. The fault current is 
limited by reactors installed close to the 
breaker, with the result that the capaci- 
tance is low between the breaker and reac- 
tor, and the rate of rise of the transient 
recovery voltage for this portion of the 
circuit is extremely high. It will usually 
be found that circuits of this type give 
severe recovery-voltage characteristics. 

The single line diagram of the station is 
shown in Figure 4 with breaker positions 
indicated and reactance values given on a 


2131-7 
t 14 IN. eae 4 


Flux plot for lead run in switch 
house 


Figure 7. 
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Figure 8. Equivalent circuit—reduced 


100,000-kva 13,800-volt three-phase basis. 
In general, more severe recovery condi- 
tions are obtained when some circuits are 
disconnected, because this reduces the 
capacitance of the system. In analyzing 
the recovery characteristics of a system, 
it is advisable to consider probable operat- 
ing connections for both normal and 
emergency conditions and to calculate the 
recovery characteristics for the one most 
likely to produce severe characteristics. 
This is analogous to the determination of 
short-circuit duty in applying circuit 
breakers. 

The system can be reduced to three 
principal circuits limiting the fault cur- 
rent, Figure 5. These three circuits con- 
sist of: 


1. <A circuit from the fault to the breaker. 


2. An equivalent circuit, the reactance of 
which is the parallel reactance of all reactors 
connected to the bus except the reactor on 
the faulted line. 


8. An equivalent circuit representing the 
remainder of the system reactance. 


The fault has been assumed to be a 
three-phase ungrounded short circuit, and 
the recovery characteristic is calculated 
for the first phase to clear, since this com- 
bination gives the most severe recovery- 
voltage characteristic. If it were con- 
sidered impossible to obtain this type of 
fault, and, for example, only a phase to 
ground fault could occur, then the prob- 
lem would reduce to a consideration of 
one phase only. 

Phase-to-neutral capacitances are used 
for the three-phase ungrounded-neutral 
fault case. For most apparatus and for 
enclosed busses and connections these 
will usually be the same as phase-to- 
ground values. 

At the time of clearing of the first pole, 
the second and third poles of the breaker 
are substantially closed circuits, and the 
circuit for the corresponding transient 
will be an outgoing circuit, consisting of 
the phase of the first pole to clear, in 
series with a return circuit consisting of 
the other two phases in parallel. Thus 
the return circuit will have just half the 
inductance and twice the capacitance of 
the outgoing circuit. 

Introducing capacitances into the cir- 


774 Transactions Adams, Skeats, Van Sickle, Sillers—Transient Recovery Voltages 


cuit of Figure 5 and paralleling the second 
and third phases, the circuit becomes that 
shown in Figure 6. The values of the con- 
stants are determined by the following 
method. 


Circuit 1 


The inductance will be that of the re- 
actor in the faulted line. On the 100,000- 
kva 13,800-volt three-phase base, the re- 


actance is 40 per cent, which is equivalent | 


to an inductance of 0.00202 henry. 

The capacitance will be that of the con- 
nections between the breaker and the re- 
actor, including one end of the reactor 
and one half of the breaker. The 
capacitances of equipment are obtained 
from the tables in the appendix. 

The capacitance of the connection was 
determined by means of the flux plot, 
Figure 7. This is a scale drawing of the 
conductor and the inside of the concrete 
cell with lines of flux and equipotential 
surfaces drawn in. The capacitance is 
calculated from the following equation: 


w 
G =2.77 micromicrofarads per foot 


where 


w =number of tubes of flux = 34 
l=number of cells per tube = 13 


34 
C= 245 = 7.06 micro-microfarads per foot 


The total capacitance for circuit 1 is 
obtained by summation of the capaci- 
tances of the various parts, as shown in 
Table I. 


Circuir 2 


The reactance is equivalent to the 
parallel reactance of all reactors con- 
nected to the bus, except those on the 
faulted line. This parallel reactance is 
1.83 per cent, equivalent to an inductance 
of 0.000093 henry. 

The capacitance includes that of one 
half of the breaker on the faulted line, the 
connections from this breaker to the bus, 
the bus, and the connections from the bus 
to and including one half of the reactors. 
This is obtained by the method used for 
circuit 1 and is 0.02 microfarad. 


Circuit 3 


The inductance of the equivalent source 
reactance can be obtained by determining 


0.000222 h 


Figure 9. Equivalent 
circuit—rearranged 


0.0010I1h 


Table IV. Times to First Peaks 


it 


Circuit Microseconds 
Cy ae aes pee oe MERE Se naietn. 6 0.00.09 At 162 
1 een, Bron ereeInn 30 ongcdle codtin 67 
Dei Nenc ci tate > aokartaucgene ited: amatemeLons 2.6 
eps ales, aeehob e PIR an CCN RONS toe totia otc Semana 155 


the equivalent system reactance for a 
bus short circuit and subtracting the 
reactance of the equivalent reactor of 
circuit 2. 

From a short-circuit board study the 
bus fault current was determined to be 
47,400 amperes, which is equivalent to a 
reactance of 8.8 per cent on a 100,000- 
kva 13,800-volt three-phase base. Sub- 
tracting the equivalent reactance of cir- 
cuit 2 


8.8—1.83 =6.97 per cent 


which is equivalent to an inductance of 
0.000352 henry. 

The capacitance of this circuit is con- 
sidered to be that from the reactors to the 
next large lumped reactance such as a 
transformer or generator. Actually in 
the case of a transformer there will be 
additional circuits beyond the trans- 
former, but for practical purposes these 
usually need not be analyzed separately. 

In this case the leads to the trans- 
former banks consist of two 2,000,000 cir- 
cular-mil lead-covered cables per phase 
which have a total capacitance of 0.584 
microfarad. 

The transformers are General Electric 
Company rated 20,000-kva 13,800- 
69,000-volt three-phase, and are delta- 
connected on the low-voltage side. From 
Figure 13, and the method explained in 
the appendix, the capacitance is 4,800 
micro-microfarads. 

The generators are General Electric 
Company, rated 75,000-kva 13,800-volt 
three-phase. Substituting in the equa- 
tion given in the appendix: 


75 


V 13.8(1-+0.08X 13.8) 
=0.26 microfarad per phase 


C=0.0187 


One half of this capacitance is considered 
concentrated at the generator terminals. 

The lines are 3X350,000 circular-mil 
cable with an average length of two miles 
and a capacitance of 0.5 microfarad per 
mile. Since the lines are short, the total 
capacitance is effective, which for the 
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0.000445h 


0.00202 h 
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Figure 10. Circuits 1A and 3A 


four lines is four microfarads. The 
pacitance of the station light and power 
section is negligible in comparison with 
‘hat of the cables. 

The total source capacitance is shown 
: Table II. 


FAULT CAPACITANCE 


_ Since the fault is ungrounded, there is a 
capacitance to ground at this point which 
consists of the three conductors of the 
pen circuited line. Assuming the fault 
to be on a short line of 3,500 feet of 3X 
350,000 circular-mil cable, the equivalent 
length of line to use for obtaining the 
fault capacitance can be obtained from 
the following equation which is explained 
in the appendix: 


a (=) L 
4 I 
where 


L=inductance- of the return circuit= 
0.001232 henry 
1=1/; zero-phase-sequence inductance per 


mile of line in henries=0.00067 henry 
therefore 


0.001232 


———_ =1.14 miles 
0.00067 


Since M is greater than the actual length 
of line, the total capacitance to ground of 
the line is used. For 3X350,000 circular- 
mil cable the zero-phase-sequence capaci- 
fance is approximately one half the posi- 
tive-phase-sequence capacitance,’ or 0.25 
microfarad per mile. The fault capaci- 
tance is three times the zero-phase-se- 
juence value, or 0.5 microfarad for 3,500 
eet of cable. 


ROQUIVALENT-CIRCUIT REDUCTION 


The upper part of the equivalent cir- 
uit, Figure 6, represents the first phase of 
he breaker to open, and the lower part 
epresents the other two phases in parallel. 
[The voltage will be distributed around 
he circuit approximately in proportion to 
he inductances, and the frequencies will 
ye determined by the inductances and 
‘apacitances. 

This diagram is simplified as explained 
yelow. Some of the reductions are approxi- 
nations, but itis believed that they are 
ufficiently accurate for practical purposes. 
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Table V. Recovery Voltage 
Pe a A 


Circuit 3A Circuit 1A Circuit 1 Circuit 3 
ec pee Volts 3,970 Volts 9,210 Volts 2,030 Volts 
as ae ele nk sei ate c 
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Since the voltage across circuit 2 will be 
small compared with that of circuits 1 and 
3, the error in adding the inductance of 
this circuit to that of circuit 3 will be 
negligible. Also, the error in neglecting 
the capacitance of circuit 2 and the 
capacitance of the two paralleled phases 
of circuit 1 will be small. By making 
these changes the circuit reduces to that 
shown in Figure 8. Figure 9 shows this 
circuit rearranged in a more convenient 
form for analysis. Since circuit 3 is 
separated from the rest of the circuits by 
the open breaker contacts there will be 
no interaction between it and the other 
circuits, and, therefore, its frequency will 
be determined directly by its inductance 
and capacitance. 

By inspection of circuits 1 and 14, it 
is evident that the frequency of circuit 1 
is high and also that the 0.5-microfarad 
capacitance of circuit 14 is large com- 
pared with the constants of circuit 1. 
Therefore, circuit 1 can be treated as an 
independent circuit. This may be proved 
by the following method if desired. 

For two interacting circuits with similar 
characteristics, the voltages and fre- 
quencies can be obtained by the method 
developed by Boehne.* Applying this 
method to circuits 14 and 3A, shown 
separately in Figure 10: 


Lz 0.00101 


=—3 = ——___= 4,55 
L4 0.000222 


no 


From Figure 20 
Ks=2.3 
1 


OS ET 
2n/ 0.000222 10.9 X 10-8 
3,240 cycles per sec 


1 


—— = 
2nV/ 0.00101 X0.5X 10-8 
7,100 cycles per sec 


fs=2.3 X3,240 =7,450 cycles per sec 


7,100 
fr=—— =3,100 cycles per sec 
2.3 

The true frequencies (fg and fr) for 
these circuits, therefore, differ five per 
cent from the individual circuit fre- 
quencies (f, and fz). 

Determining the voltage distribution by 
Boehne’s method, using the magnitude 
curves, Figure 21: 


Js=3.9 
Jp=1.65 


As a check on these values, Js+Jp 
should equal mp+1 


JgtJp=5.55 

No +1=5.55 

Lr=1.65 X0.000222 = 0.000366 henry 
Ls =3.9 X0.000222 = 0.000865 henry 


These new inductances are 30 per cent 
and 70 per cent, respectively, of the total 
inductance of the two circuits compared 
with 17 per cent and 83 per cent for the 
original inductances, 

These new inductances are used to 


| 


Recovery-voltage 
curve 


Figure 11. 
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Figure 12. Envelope of recovery-voltage 


curve 


determine the voltage distribution for 
circuits 1A and 3A. 


FREQUENCIES 


The circuit frequencies are determined 
as follows: 


Circuit 34—3,100 cycles per second, from 
fr above 
Circuit 14—7,450 cycles per second, from 
fg above 
Circuit 1 
1 

2n-V/ 0.00202 X 0.000335 X 10-8 

194,000 cycles per sec 


Circuit 3 
il 


2nV 0.000445 X5.45X 10-8 
3,240 cycles per sec 


VOLTAGE DISTRIBUTION 


The total voltage around the circuit 
for a three-phase ungrounded fault will be 
1.5 times the phase-to-neutral voltage, 
that is, the crest value of the voltage of 
one phase plus the crest value of the mean 
of the voltages of the other two phases. 
For the system voltage of 13,800 volts: 
e= 13,8000 21.5= 16,900 volts 


V3 


Figure 13. Approximate trend of capacitance to ground of windings 
transformers with concentric windings 


of single-phase core-type 


(General Electric Company) 


The voltage will be distributed in pro- 
portion to the inductances as shown in 
Table III. 


RECOVERY-VOLTAGE EQUATION 


Substituting the voltages and fre- 
quencies in the recovery-voltage equation 
gives the following for the transient re- 
covery voltage of the circuit: 


e=1,690(1 —e€~ % cos 23,1004) + 
3,970(1 —€~ 2% cos 27,4508) + 
9,210(1 —€~2* cos 27r194,0008) + 
2,030(1 —€~* cos 2%3,2408). 


First PEAKS 


The first peaks of each of these waves 
occur when 


Qrft=1 
therefore 


Oe 
=—— microseconds 
2f 


For these circuits, the times to first 
peaks are shown in Table IV. 


RECOVERY-VOLTAGE CURVE 


The method for the determination of 
points on the recovery-voltage curve is 
illustrated in Table V. The values under 
the heading mw are time expressed as a 
fraction of time to the first peak of the 
corresponding wave. The corresponding 
voltages are obtained by using these 
fractions as abscissae for the decrement 
curve, Figure 19, and multiplying the 
corresponding ordinates by the voltage 
for the circuit as given in Table III. The 
total voltage at any time is the sum of 
the voltages of the individual circuits. 

The recovery-voltage curve out to the 
maximum peak is shown on Figure 11. 
The labor involved in determining this 
entire curve is considerable, however, and 
most practical purposes will be served if 


0.020 


the envelope consisting of the curve up 
to the first peak and the dotted line join- 
ing the peak with subsequent peaks are 
shown. This requires the calculation of 
only a comparatively small number of 
points as shown in the table. The curve 
is shown in Figure 12. 

The rate of rise of the recovery voltage 
may be considered to be the rate of rise 
to the first peak. For this example it is: 


=6,500 volts per microsecond 


_ 17,000 

TERE 

Table VI. Total Capacitance to Ground of 
Single-Phase Core-Type Transformers 


Westinghouse Electric and Manufacturing 
Company 
ae 


Capacitance in Micromicrofarads 


Kva 115 Kv 161 Kv 230 Kv 
LAUU Voie 6 a0 DiGOU devotees 2,750 

LO;000 Siar. is 2,450.. eis 

15,000 srrieric 3,400). 52 es.2 

ZO ;O00 Terai el S600 ker Ate « 3,650 


The maximum rate of rise is the slope 
of the line passing through zero and tan- 
gent to the first peak. This is: 


Tmax = 1.14 6,500 =7,400 volts per micro- 
second 


As mentioned previously, the represen- 
tation and simplification of this circuit 
exemplifies only one of a number of gen- 
eral methods. The representation of dis- 
tributed constants by lumped constants 
sometimes requires more elements than 
at others, depending upon the circuit in 
which they are located. As the accuracy 
of the calculation depends upon the ac- 
curacy with which the circuit is repre- 


Figure 14. Capacitance of typical power trans- 
formers—high-voltage to low-voltage and 
ground, single-phase, 60 cycles—data from 
tests (Allis-Chalmers Manufacturing Company) 
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gure 15. Effective capacitance to ground 
salient pole generator stator windings— 
ne-half capacitance of one phase to ground— 
Il curves are the average of a large number of 
calculated curves (Westinghouse Electric and 
t Manufacturing Company) 


8 as well as upon the assumptions 
made in simplifying it, both should be 
carefully studied. 


_ Appendix. Capacitance Data 


_ The following capacitance data are based 
on tests or computation by the manufac- 
turer of the equipment unless otherwise 
noted. 


Transformer Windings 


General Electric Company. For single- 
phase transformers with concentric wind- 
ings the total winding capacitance is given 
in Figure 13. These curves show only ap- 
proximate trends. Individual transformers 
may deviate considerably from them. 
For capacitance of windings rated less than 
13.8 kv, the 13.8-kv curve will apply. 

The effective capacitance concentrated at 
each end of the transformer winding is one 
half of the curve value. The capacitance 
should be determined using the line voltage, 
whether the transformers are connected wye 
or delta, since the capacitance depends on 
the insulation thickness which is determined 
by the operating voltage of the transformer. 

For a bank of transformers connected wye, 
one half of the capacitance of the trans- 
former winding, as determined from the 
curve, should be used when considering each 
phase of the system. For a bank of trans- 
formers connected delta, the capacitance per 
phase is equal to the value obtained from the 
curve, because there are two transformers 
connected to each line. 


Table VII. Total Capacitance to Ground of 
Single-Phase Shell-Type Transformers 


Westinghouse Electric and Manufacturing 
Company 


Capacitance in 


Micromicrofarads 
Kya 115 Ky 230 Kv 
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KVA x 103 
Figure 16. Effective capacitance to ground 
of turbine-generator windings—one-half ca- 
pacitance of one phase to ground (West- 
inghouse Electric and Manufacturing Company) 


Microfarad basis—13.2 ky; multiply capaci- 
tance by K for voltages other than 13.2 kv 


For three-phase transformers, the ca- 
pacitance per phase is approximately one 
half of the value given by the curve. The 
transformer kilovolt-ampere capacity to 
apply to the curves to obtain the capacitance 
is the three-phase kilovolt-ampere rating of 
the transformer. 

For Pyranol transformers, the capacitance 
values are 1.6 to 1.7 times the curve values. 

For a more complete discussion of these 
curves refer to ‘Equivalent Circuits of 
Transformers and Reactors to Switching 
Surges.’’”? 

Westinghouse Electric and Manufacturing 
Company. Table VI gives total capaci- 
tance to ground of single-phase core-type 
transformers. Table VII gives total ca- 
pacitance to ground of single-phase shell- 
type transformers. The effective capaci- 
tance concentrated at each end of the trans- 
former winding is assumed to be one half of 
the total capacitance. 

Allis-Chalmers Manufacturing Company. 
The total winding capacitance for the high- 
voltage windings of various sizes of trans- 
formers are shown in Figure 14. The effec- 


Table VIII. 


Effective Capacitance of Potential 
Transformers 


Westinghouse Electric and Manufacturing 


Company 
Capacitance 
Ky (Micro- 

Class Ratio microfarads) 
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Figure 17. Capacitance distribution for auto- 
transformers 


tive capacitance concentrated on each end 
of the winding is assumed to be one half the 
total value. 


Autotransformers 


The capacitance of an autotransformer 
may be assumed to be distributed as shown 
in Figure 17. 


C=total capacitance of autotransformer 
winding as determined from curve or 
tabulation (determine for transformer 
kilovolt-amperes, not circuit kilovolt- 
amperes) 


n=ratio—low voltage to high voltage 
CG=(1—n)C 
C,.=nC 
Capacitance at high-voltage line end will 
be C,/2 


Capacitance at low-voltage end connected 
to tap will be C/2 


Potential Transformers 
Westinghouse Electric and Manufacturing 
Company. Effective values, that is, one 


half the measured winding capacitance, are 
shown in Table VIII. 


Current Transformers 


Average values for total winding capaci- 
tances are given in Table IX. 


Induction Regulators 

To determine the effective capacitance of 
induction regulators, it may be assumed that 
one half of each total winding capacitance 
is concentrated at each end of the winding 
as indicated in Figure 18. 


Cp=total capacitance of primary winding 


Cs=total capacitance of secondary winding 


Total Capacitance of Current 
Transformers 


Table IX. 


—s 


a 


Capacitance 
Ky Micro- 
Class Type microfarads 
General Electric Company 
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Figure 18. Capacitance distribution for in- 
duction regulators 


Thus the effective capacitance at the 
source end is equal to (Cp+Cs)/2 while the 
effective capacitance at the load end is 
Cg/2. 

Effective values determined from test 
readings obtained from regulators on the 
Philadelphia Electric Company system are 
shown in Table X. 


Current-Limiting Reactors 


An average value for the effective ca- 
pacitance at each line terminal is approxi- 
mately 100 micromicrofarads in the usual 
cell structure regardless of rating. 


Generator Windings 


General Electric Company. The follow- 
ing equation for the total capacitance per 
phase for generator windings has been taken 
from Park and Skeats’ paper :? 


mva 
“4/ kev (1-+0.08 kv) 


where the constant K, has the following 
values: 


C—iks microfarads 


Solid round rotors 0.0187 
Salient-pole generators without amortisseurs 0.0347 
Salient-pole generators with amortisseurs 0.0317 


and 


mva=rated capacity of generator megavolt- 
amperes 


ky =rated line-to-line voltage of generator 
in kilovolts 


One half of the value obtained from the 
equation should be considered concentrated 
at each end of the generator winding. 
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Figure 19. Curve for determining 1—e@¢ 
cos wt for decrement to 20 per cent in 
five cycles 
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Westinghouse Electric and Manufacturing 
Company. The effective capacitance per 
phase (one half the total capacitance per 
phase) is given in Figure 15 for salient pole 
generators, and in Figure 16 for turbine 
generators. 


Oil Current Breakers and Bushings 


The capacitance of an oil circuit breaker 
consists principally of the bushing capaci- 
tances. The values given in Table XI are 
for one bushing or for one side of an open 
breaker and should be multiplied by two 
where the circuit passes through the breaker. 

The capacitance of General Electric 
Pyranol-filled bushings is approximately the 
same as that of similar oil-filled bushings. 

General Electric type H breakers—15-kvy 
(including bushings) 

125 micromicrofarads 
150 micromicrofarads 


One tank to ground 
Both tanks to ground 


Insulators 


SUSPENSION-TYPE 


Standard duty (Westinghouse) 23  micromicro- 
farads 

25-28 micro- 
microfarads 


Higher strength (Westinghouse) 


LOcKE INSULATORS 


Rating and capacitance of Locke insu- 


Figure 20. Frequency curves 


Bus SupPORTS AND WALL BUSHINGS 


12-25 micromicrofarads 
100-200 micromicrofarads 


Indoor bus supports 
Wall bushings 


Lightning Arresters 
General Electric Company. Approxi- 
mately 20 micromicrofarads. However, 


this is subject to considerable variation de- 
pending upon design and voltage rating. 


Determination of 
Capacitance by Flux Plots 


In order to determine the capacitance of a 
bus or of a conductor by this method,’ 
a cross section of the conductor in the cell 
should be drawn to scale. If there are any 
grounded parts running through the cell, 
the flux path will be from the conductor to 
these parts. However, if the conductor is 
surrounded by a concrete cell, the walls of 
the cell can be assumed as ground potential, 
and the capacitance calculated on this 
basis. 

In the space between the conductor and 
the grounded parts or cell wall, draw equi- 
potential surfaces and draw lines of flux 


lators are shown in Table XII. Figure 21. Magnitude curves 
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Regulators 


Effective Capacitance 
Source End Load End 


Micro- Micro- 
cs micro- micro- 
egulator Rating and Make farads farads 


-kva, 300/600-ampere, 2,500- 
volt, single-phase General 
ACTON Gog e a eee 
-kva, 300/600-ampere, 2,400- 
volt, single-phase Westing- 
PE NELSR eat eh ai oasis 4-04: < 9's how BS ZOOs. «<5 
8-kva, 200/400-ampere, 2,400- 
volt, single-phase Westing- 
ears... a Rare Tes 
150/300-ampere, 
single-phase 
® General Electric...,........ 3,600.....1,600 
36-kva, 150-ampere, 2,400- 
_ volt, single-phase Westing- 
| LIGLE ast Aaa 


. .2,250 
- 5,500 
4,750... ..2,500 


3,300... ..1,500 


from the conductor to ground. These 
should be so drawn that the lines of force 
and equipotential surfaces cross at right 
angles, and so that the cells formed are ap- 
proximately squares. The lines of force 
should leave the conductor and enter the 
grounded surface at right angles. 

_ The capacitance of the section can then 
be determined by counting the number of 
tubes of flux between the conductor and 
ground and the number of cells in series in 
each tube and by calculating the capacitance 
from the following formula: 


w 2 : 
c = 2.7—- micromicrofarads per foot of 


length of conductor at right angles to the 
paper where 


w =the number of tubes of flux 
J=the number of cells in series per tube 


FAULT CAPACITANCE 


The capacitance for a three-phase un- 
grounded fault consists of the capacitance 
to ground of the three conductors and of any 
equipment adjacent to the fault. Usually 
the capacitance of the cable or line will pre- 
dominate and that of the apparatus will be 
negligible in comparison. 

Any line or cable may be assumed, with 
little error, to be open at its far end. If 
such a line is short, it will behave substan- 
tially as if all its capacitance were lumped at 
the fault. If the line is long, on the other 
hand, it will behave for a considerable time 
like a resistance rather than a capacitance. 
Nevertheless, in the interest of simplicity, it 
is very desirable to represent the line as a 
capacitance; but if the entire capacitance of 
a long line is used, the resulting calculation 
zives an initial rate of rise which is much too 
low, and accuracy in this component is more 
mportant in the early part than later on. 
Consequently, an approximation has been 
adopted which consists in placing a limit on 
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Effective Capacitance of Induction — 


Table XI. Effective Capacitance of Oil Cir- 
, cuit Breakers ‘ 
—— 
General Electric 


Company* Westing- 
house 
With- Electric and 
out With Manu- 
Broek ee facturing 
ance citan 
Breaker or Bush- Tap Tap oe ios 
ing Rating Micro- Micro- Micro- 
micro- micro- micro- 
Ky Amperes farads farads farads 


ey 


GOUT c1O6 aed ) 
The ey eae OUia.s 5 LOG), fiat 
3H0F TPIS. 
8,000....880....... 
BQOe ewGO sce sos 
Spee J 100s =. 100, 5 <2 ae. 100-300 
9:000....2270......: 150-425 
$,000....835.... . 250-500 
Tras Cee Oe TOD 
34.5.... )1,200....150 
2,000....... Ren ee 
SOOO eRe hater 
$6 ses f SOOL RE, 
TROD eal BB Kies e we 
69 600....5126....230 = 
{ 1,200 .126.. a ak 
92 vf 600... .163.......280 
1,200....163....280 
600....163....294 . 
115 11,200... 168". eas sini ty 
600....160....306 “ 
138 {1,200 .160.. 4 are 
1619 ee el O00 IBS ee e810 340-435 
196 .... 1,200....235....390 
230 .... 1,200....240....400 .... 425-625 
Tee LS eee 400-500 


* Values apply to present standard bushings but 
will serve as a reasonably accurate approximation 
for bushings which are no longer standard. The 
former standard 400- and 800-ampere bushings 
have the same capacitance as the 1,200-ampere 
bushings listed here. 


+ Capacitance increases with rated continuous cur- 
rent and rated interrupting capacity. 


the length of line taken into consideration. 
This limit is set at a value such that the 
first reflection from the far end of the line, 
as limited, returns to the fault point after 
one-fourth cycle of the oscillation resulting 
from the corresponding value of capacitance 
in combination with the inductance of the 
return circuit. 

This limits the error in the first part of the 
transient to a maximum of about seven per 
cent of the total circuit voltage. In general, 
this maximum error will not occur at the 
time of an important peak in the recovery 
transient, and hence the effect on the re- 
covery rate from this source will usually be 
quite small. This limit in miles of line is 
given by the equation: 


cis &, 
ua(4) 7 
4) 1 


where 


M =limiting line length in miles 
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TableXIl. Locke Insulators 
—_—_————— 
Capacitance 
of 1 Unit 
Rating Micro- 
Catalog No. Ky microfarads 
29} LG0 KG sat ones ts} Peirsiten 15 
LO 405 ics a susie buss B45. wack seb 25 
Oi LOS cweuancesn ety Coy Si teriet Ane 
oO una ee ULB (Bers cle tae 56 
OiAT Ser ate sets ie cs ndiOomteren pit ene 61 
25070 omit bpeae) cig hiticie: 60 


* Three units of 7,785 are used for 115 kv. Above 
value is for one unit. Three units will have ap- 
proximately one-half the capacitance of one unit 


L=inductance of the return circuit in 
henrys 
=1/; zero phase sequence inductance in 
henrys per mile 


If M as calculated is equal to or greater 
than the actual length of the line, the actual 
length of the line should be used in determin- 
ing the fault capacitance. If M is less than 
the actual length of the line, this value 
should be used for the length of the line in 
determining the fault capacitance. 
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Electric Facilities and Operating Plan 
for the First Chicago Subway 


CHARLES E. De LEUW 


NONMEMBER AIEE 


Synopsis: The $64,000,000 subway project 
now being completed will provide long- 
needed rapid-transit terminal facilities in 
the Chicago downtown district. The State 
Street subway will be completely equipped 
and in operation early in 1943 and will con- 
stitute a major contribution to the problem 
of handling additional traffic resulting from 
a decrease in the use of passenger automo- 
biles. 

This first subway route is five miles long 
and with fixed equipment will cost almost 
$34,000,000. The subways were built with 
track sections in tunnel—at low level. 
Platforms 500 feet long are provided at sta- 
tions, except in the congested area where 
there is a continuous island platform 3,300 
feet in length with access provided by mez- 
zanine stations in each block. 

All fixed equipment is being installed by 
the city. Despite the delay in securing 
equipment because of present scarcity of 
critical materials, the entire project will be 
built and equipped in a period of four years. 
This high-speed construction program re- 
quired expeditious planning of locations for 
all electric facilities. 

Power will be 600 volts direct-current. 
The 144-pound contact rail will be energized 
by existing substations and energy delivered 
by conventional positive and negative 
feeders, with contact rails reinforced with 
parallel feeders. 

Adequate sectionalization of the entire 
system is provided largely by automatic 
operation. Centralized supervisory control 
of the all-relay type includes most modern 
accessories, such as an illuminated diagram 
board and remote-control dispatching equip- 
ment. 

Train movements will be controlled 
throughout by a modern signal and electro- 
pneumatic interlocking system with auto- 
matic stops. Signals are spaced and timed 
for operation of 40 trains per hour on each 
track. Signals and other electric facilities, 
including lighting, pumps, fans, and escala- 
tors will have a-c power supply. 

Fluorescent lamps will be utilized at all 
subway stations. Lighting intensities on 
mezzanine floors and station platforms will 
vary from six to eight foot-candles. Escala- 
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tors are provided at all stations. At the 
downtown and heavier outside stations two 
four-foot escalators are provided operating 
at a speed of 90 lineal feet per minute. 

The State Street subway will be operated 
initially by 455 steel cars now owned by the 
Chicago Rapid Transit Company. How- 
ever, new equipment will be modern stream- 
lined articulated units. The ultimate ca- 
pacity of the State Street subway as thus 
equipped will be 80,000 passengers per hour. 


The Initial Subway Project 


HE $64,000,000 subway now being 

completed, is the first step in a 
comprehensive plan for modernization 
and extension of all local transit in 
Chicago. The second step, now well 
under way, will be the consolidation of 
three separate and competing transit 
companies into a single unified corpora- 
tion. This will result in economies in 
operation and the elimination of un- 
necessary and costly duplication of service. 

The unification ordinance, granting an 
indeterminate franchise to the new uni- 
fied company, has been passed, and virtu- 
ally all of the preliminary steps taken, 
so that there now remains only the formal 
approval by the present security holders 
of the reorganization plan, the approval 
of the issuance of new securities by the 
Illinois Commerce Commission, and the 
final approval by the voters at a refer- 
endum to bring to its final culmination 
this objective which the city has sought 
for more than 25 years. 

The third step will follow the granting 
of an indeterminate franchise to the new 
company and will consist of a thorough- 
going modernization of transit equip- 
ment, the substitution of trolley and 
motor busses for inefficient trolley-car 
service on about one third of the track 
mileage of the present surface-lines sys- 
tem, the extension of and improvement of 
service in intermediate and outlying areas 
of the city, not now adequately served 
with local transit, and the unification of 
all facilities through universal transfer 
between rapid transit and surface routes, 


FUNCTION 


An understanding of the function of the 
new Chicago subways requires a brief out- 
line of the present local transit situation. 
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More than three quarters of the city’s 
traffic is carried by the Chicago Surface 
Lines, operating a comprehensive net- 
work of street-car and, in more recent 
years, trolley-bus and motor-bus routes. 
During the last two decades, this surface 
transportation system has been supple- 
mented by the operation of motor-bus 
routes, largely over the boulevards, by the 
Chicago Motor Coach Company, now 
carrying about seven per cent of the total 
traffic. The only form of urban rapid 
transit, other than that afforded by 
steam-railroad suburban roads, is that 
provided by the elevated railroad system 
operated by the Chicago Rapid Transit 
Company. However, unification of these 
companies will bring universal transfer 
and thus making rapid-transit facilities 
indirectly available to all. 

For years engineers have realized the 
inadequacy of the downtown terminal 
facilities of this system. Thirteen ele- 
vated tracks, four on the north side, six on 
the west side, and three on the south side, 
deliver their loads to a two-track loop in 
the center of Chicago (except for a limited 
number of trains handled in stub termi- 
nals). 

One of the principal objectives of the 
State Street subway is to provide terminal 
facilities for the rapid-transit lines to re- 
lieve the elevated loop. The loop, about 
two miles around, consists of two tracks 
both operating in the same direction. 
The cars using the inner loop must cross 
the outer-loop tracks at grade on both 
entering and leaving. 

In spite of interference between all 
trains at two points, the outer loop now 
carries at the peak of service 208 cars in 35 
trains during the maximum 30-minute 
period—see Figure 1. The inner loop now 
carries 167 cars in 36 trains. Commonly 
accepted practice to move trains expedi- 
tiously is a maximum of 40 trains per 
hour, and the heavily traveled New Vork 
subways operate at a lesser frequency 
than this. As a result of this congestion, 
speeds on the Chicago elevated loop lag 
down to six or seven miles per hour, and 
overcrowding of trains results—even 
under present traffic conditions, 

The importance of additional terminal 
tracks for the Chicago rapid-transit sys- 
tem became vastly more important with 
the order rationing passenger automobile 
tires which became effective about the 
first of the year 1942. It has become evi- 
dent that public transportation agencies 
will be required to carry, not only the ad- 
ditional traffic resulting from the acceler- 
ated pace of commerce and industry due 
to war activities, but also an ever increas- 
ing group of passengers who now use auto- 
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mobiles exclusively for their transporta- 
tion. 

Because most automobile traffic to and 
from Chicago’s downtown district is long 
haul traffic, it is estimated that most of the 
present automobile passenger load will be 
transferred to rapid-transit trains. Our 
estimates indicate that unless relief is af- 
forded by the operation of the State Street 
subway during the year 1943, it will be 
virtually impossible to operate enough 
cars over the existing union loop terminal 
to provide transportation with any rea- 
sonable loading standard. Figure 2 shows 
the estimated redistribution of present 
traffic after the start of operation of the 
State Street subway. 


DESCRIPTION OF SUBWAYS 


The initial project consists of two ter- 
minal subways which will be operated 
with and become an integral part of the 
rapid-transit system. Route 1, the State 
Street subway, connects with the four- 
track north-side elevated route near Ar- 
mitage Avenue, 21/2 miles to the north, 
and extends along Clybourn Avenue, Di- 
vision Street, and State Street to a con- 
nection with the three-track south-side 
elevated route near 16th Street, 11/2 miles 
to the south. This subway has a total 
length of 4.9 miles and is estimated to cost 
$33,750,000 including fixed equipment. 

Route 2, the Dearborn Street subway, 
is the first unit of an underground ter- 
minal system for west-side rapid-transit 
routes. The initial section extends from 
a downtown terminal loop to a connection 
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Figure 1 (left). Chi- 
cago rapid-transit car 
flow on the Union 
Loop during maxi- 
mum half hour, 
8:15-8:45 a.m., 
December 1941 


Figure 2 (right). Car 
flow on Union Loop 
and State Street sub- 
way during maximum 
half hour, 8:15-8:45 
a.m., expected in 
December 1942 


with the Logan” Square elevated route, 
31/2 miles to the northwest of the down- 
town district. The total length’ of route 
is 3.9 miles, and the total cost, including 
fixed equipment, will be approximately 
$30,400,000. Except for short sections 
near the terminals, the entire project was 
built with track sections in tunnel at low 
level. Reinforced concrete tunnel sections 
were utilized throughout. 

At each station platforms 500 feet in 
length are provided. At the three side- 
platform stations these structures consist 
of multiple arches—largely of reinforced 
concrete construction. Stations with con- 
tinuous island platforms 22 feet in width 
were built in the loop district proper. 
This construction consists of a multiple 
three-arch section—two large bores on 
each side accommodating the trains and a 
portion of the platforms, with a smaller 
arch sprung from longitudinal steel gird- 
ers supported by heavy steel columns. In 
general, stations are of the mezzanine 
type, constructed by cut-and-cover meth- 
ods and located as close as possible to the 
street surface. Figure 3 shows an artist’s 
perspective of the subway structure at a 
station. 

All architectural features were designed 
with a view to providing attractive, light, 
and well-ventilated stations. A type of 
finish is planned which, in addition to be- 
ing attractive, will stand wear and tear as 
well as the rigorous atmospheric condi- 
tions of downtown Chicago. 

As finally developed the plans for the 
mezzanine stations provide for reddish- 
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colored cement floors, scored in a tile 
pattern, light-colored structural glass 
walls, painted concrete ceilings, with dark 
(radio-black) marble column encasement, 
and metal doors and trim. Stairways 
have abrasive tile treads and glazed tile 
walls. The platforms are also to have 
colored cement floors, scored, with vari- 
ous colored paints on metal columns and 
all exposed metal—also on the arched 
ceilings. 


Construction 


ELECTRICAL PROBLEMS 


Since the subways were tunneled 
through the soft clay underlying most of 
the city, air pressure was used during 
mining operations, and one of the first 
electrical problems confronting the sub- 
way department was the regulation of the 
contractors’ electric facilities, including 
the service transformers, motor-driven air 
compressors, temporary electric lighting 
and hoists. The specifications were writ- 
ten to provide safety to the men working 
under air pressure in the tunnels. To in- 
sure reliability the power company was 
required to provide two entirely separate 
feeders from separate substations to each 
plant, each supplying a separate bank of 
transformers. Transfer switches were re- 
quired as well as high-class equipment and 
wire throughout. Tunnel lighting and 
air compressors were especially safe- 
guarded against failure. 

The design of the permanent electrical 
work in the structure had to be made far in 
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advance of installation, because the con- 
duit requirements for the feeders and 
branch wiring, as well as the space re- 
quirements of the equipment, had to be 
known before the concrete was poured. 
This subway is virtually free from all ex- 
posed wiring and cable. 

Splicing chambers,  circuit-breaker 
rooms, and machinery rooms all form a 
part of the underground structure. The 
space requirements of these rooms, there- 
fore, is an important factor in the cost, 
and the electrical department had to be 
able to justify all space asked for. Ar- 
rangements had to be made with the 
power company for duct connections and 
transformer vaults, where necessary, so 
that these could be installed before the 
excavation was closed. Therefore, the 
electricalstudies were intensive, even while 
the mining operations were just beginning. 


EQUIPMENT INSTALLED BY CITY 


Under the provisions of the unification 
ordinance passed in 1940, the new transit 
company is obligated to install all equip- 
ment in city-built subways. However, by 
the spring of 1941 it had become apparent 
that the seemingly interminable delays 
incident tocompleting all preliminary legal 
and financial negotiations might result in 
the first subway being completed before 
the reorganization was effected. 

Therefore, the City Council, in May 
1941, by ordinance directed the Com- 
missioner of Subways and Superhighways 
to purchase and install the fixed subway 
equipment and to make arrangements 
with the trustees of the Chicago Rapid 
Transit Company for subway operation. 
Subsequently, the department proceeded 
vigorously with this work with the under- 
standing that the city will be subsequently 
reimbursed for all equipment expenditures 
by the new transit company. In this task 
our engineers have had the full co-opera- 
tionof the engineering staff of the Chicago 
Rapid Transit Company. 


PROGRESS 


Basic subway construction on route 1 is 
complete. Theelevated-to-subway connec- 
tions at termini are now under construc- 
tion. Station finish, much of which was re- 
designed to reduce the quantity of critical 
war materials, is now 50 per cent complete. 

Anticipating some difficulty in securing 
the large quantities of steel, copper, and 
rubber required for fixed subway equip- 
ment, orders were placed and contracts 
let for furnishing most of the necessary 
equipment late in the year 1941. The last 
such contract, for signals and interlocking, 
was placed during April 1942; subse- 
quently, contracts have been awarded for 
the installation of all traction power dis- 
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tribution equipment—work which is now 
under way. 

The War Production Board has recog- 
nized the importance of completing the 
State Street subway by assigning a proj- 
ect rating of A-10 in February 1942. 
Higher ratings have been assigned various 
suppliers and manufacturers as required, 
so that the completion of the entire State 
Street project, including equipment, ready 
for operation early in 1943, now seems 
assured. 


Power System 


Trains operating in the State Street sub- 
way will be routed through the subway in 
the central area from the present outly- 
ing elevated terminals. The power for 
the subway trains will therefore be the 
same as that used on the elevated system, 
that is, 600-volt direct-current on the 
contact rails with paralleling feeders and 
with a return to the substations through 
running rails, negative feeders, and, to a 
limited extent, through steel elevated 
structures. 


SUBSTATIONS AND FEEDERS 


Because the State Street subway is gen- 
erally parallel to the present north and 
south elevated route, and because the 
downtown terminal traffic will be trans- 
ferred from the elevated system to the sub- 
way, the subway power requirements will 
not be entirely in addition to the present 
system power requirements. Therefore, 
it is practicable to use existing substations 
now supplying the transit system. In 
most cases, these substations are actually 
adjacent to the subway structure, al- 
though one, the Sedgwick Street substa- 
tion, is several blocks distant. New feed- 
ers will connect substations to the subway. 

The substations are owned and oper- 
ated by the Commonwealth Edison Com- 
pany and under present plans this com- 
pany will supply traction power to the 
subway. In general, the only new sub- 
station equipment required for the sub- 
way will be feeder circuit breakers and 
their automatic and control features. 

The underground positive and negative 
feeders from the substations to the sub- 
way cable shafts will be paper-insulated, 
lead-covered cable. They will be spliced 
to water-resisting compound insulated 
feeders leading from cable shafts to cir- 
cuit-breaker rooms in the subway struc- 
tures. All power feeders in the subway 
will be insulated with water-resisting 
compound and finished with heavy asbes- 
tos braid. The subway circuit-breaker 
rooms at feed points will contain circuit 
breakers which will act as remote-con- 
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trolled disconnect switches between these 
substation feeders and contact-rail feeders 


ConTACT-RAIL SYSTEM 


A new contact-rail section has beer 
adopted, similar in design but consider. 
ably heavier than that now used on the 
elevated system. This rail weighs 144 
pounds per yard and will have a conduc 
tivity equivalent to 2,250,000 circular mil: 
of copper. The rail will have a hardness 
somewhat greater than has been used fot 
high-conductivity rails on other subways, 
to obtain longer life. 

Since the contact rails are not generally 
of sufficient conductivity for the subway 
loads, it is necessary to reinforce them 
with paralleling feeders. These reinforc- 
ing feeders will be insulated with water- 
resisting compound and tapped to the 
contact rails at intervals of approximately 
1,000 feet through disconnecting tap 
switches. The negative reinforcing feed- 
ers, in parallel with the running rails, will 
also be insulated with water-resisting 
compound and will be tapped to the run- 
ning rails at intervals of approximately 
400 feet. The positive and negative rein- 
forcing feeders will be carried in a duct 
bench containing 12 asbestos-cement con- 
duits along one side of each track in the 
train sections. The duct bench also serves 
as an emergency walkway—see Figure 4. 
Splicing chambers are located at 250- to 
400-foot intervals. 

The taps to the contact rails and run- 
ning rails will be cables similar to the rein- 
forcing feeders and are carried in asbestos- 
cement conduits in the concrete track bal- 
last to pothead terminals, from which flexi- 
ble bare bonds will connect to the con- 
tact or running rails. The location and 
gauge of the contact rail will be the same 
as that of the contact rail on the elevated 
system, so that the same collecting shoes 
can be used. This type of contact shoe 
is of the suspended overrunning contact 
type. The contact rails will be mounted 
on porcelain insulators on the track ties 
in the usual manner. Expansion and con- 
traction will be taken care of by gaps at 
intervals of approximately 1,000 feet on 
level tangent track in the subways and at 
shorter intervals on curves and grades. 


SECTIONALIZING 


The contact rails with their reinforcing 
feeders are sectionalized at the substation 
feed points, interlocking plants, the 
emergency track crossovers, and at the tie 
points which are approximately midway 
between feed points. Short-circuit and 
overload protection on any section be- 
tween substations is obtained by auto- 
matic opening of substation circuit 
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breakers and tie circuit breakers without 


affecting other sections. The other sec- 
tionalizing circuit breakers do not have 
automatic opening features but serve as 
remote-controlled disconnect switches 
with high interrupting capacities. The 
function of the automatic circuit breakers 
at tie points is to connect the contact rails 
and feeders of the two tracks together in 
order to utilize the conductivity of both 
for feeding distant loads. 

The tie station circuit breakers, the sub- 
station circuit breakers and all sectional- 
izing and disconnect circuit breakers will 
be of the latched-in, air-break type and 
will be remotely controlled by the super- 
visory control system. 


RETURN CIRCUIT AND BONDING 


Since the block signal system of the sub- 
way tracks will be of the single-rail track 
circuit type, one rail of each track will be 
used exclusively for signals, leaving only 
one rail of each track available for the 
traction current to return to substations. 
Each running rail will have conductivity 
equivalent to approximately 1,000,000 
circular mils of copper. This conductivity 
must be supplemented by the negative 
reinforcing feeders. Running rail joints 
will be welded, except at special track 
work where bonds will be required across 
joints. Bonds will be bare flexible copper 
cable with terminals suitable for weiding 
to the head of the rail by the oxyacetylene 
welding process. 
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Figure 3. Artist's 
Perspective of the 
subway structure at a 
downtown station 


The contact-rail joints will not be 
welded, so they must be bonded. The 
contact-rail bonds will be short U-shaped 
cable bonds located underneath the rails 
with terminals welded to the flanges. 
There will be two 750,000-circular-mil 
copper bonds per joint. 


SUPERVISORY CONTROL 


Due to the physical extent of this proj- 
ect and the diversity of operations asso- 
ciated with power services for a sub- 
way, including ventilating and pump- 
ing systems, centralized control and 
supervision is essential. This is to be 
provided by supervisory control of the all- 
relay type. 

The dispatching equipment of the 
supervisory-control system will be lo- 
cated in the power supervisor’s office, two 
blocks from the State Street subway. 
Remote station supervisory-control 
equipment will be located at eight con- 
trol centers. 

A power supervisor’s desk, an illumi- 
nated diagram board, and relay cabinets 
of the swinging panel type will comprise 
the principal elements of the dispatching 
equipment. Although these elements will 
incorporate dispatching equipment for 
all eight outlying centers, the equipment 
will function independently for each. 
Thus operations of any given center will 
not interfere with simultaneous functions 
of another center. 
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The functions to be performed include 
remote control and supervision of all 
feeder, sectionalizing, and tie-station d-c 
circuit breakers, as well as the operation of 
the two-speed station and tunnel venti- 
lating fans. Additional functions will in- 
clude supervision of the continuity of the 
normal and emergency a-c services, high 
water level and pump-motor overload, 
low supervisory-battery voltage, battery 
ground or ground on control wires to 
apparatus remote from the control center. 

The supervisory-control system is an 
“all-relay”” system using relays of the 
standard telephone type, having uniform 
mechanical construction, extreme simplic- 
ity, and established dependability. Opera- 
tion of this system is based on codes of 


Figure 4. Duct bench and walkway during 
construction 


impulses suggestive of a simple  tele- 
graph system, but different from the tele- 
graph in that the impulses are all of the 
same time duration. Several impulses in 
uniform sequence form a code, and the 
number of impulses in a code is varied to 
obtain various results. All codes are pro- 
duced automatically, the dispatcher’s 
action being limited to the simple twist- 
ing of a control key and the pushing of a 
button. 

As an example of operation, assume 
that it is desired to close a circuit breaker. 
The dispatcher first operates the selection 
key on the escutcheon of the desired 
breaker. This sets the proper relays into 
operation to select the breaker. As soon 
as this selection is made, the fact is in- 
dicated by the lighting of the white selec- 
tion lamp on the associated escutcheon, 
as well as the lighting of a similar selec- 
tion lamp on the diagram board. The 
supervisory equipment now comes to rest, 
awaiting the will of the dispatcher. Then, 
to close the breaker, the dispatcher first 
places the twist-type control key in the 
closed position and then operates 


TRANSACTIONS 783 


the master control key. This resultsin the 
closing of the breaker. When the breaker 


closes, the auxiliary signal contact closes | 


and energizes supervision relays which 
operate to change the indications of the 
red and green supervision lamps on the 
diagram board. The supervisory control 
equipment then returns to the normal 
rest position, ready for the next operation 
or change in indication. 

The system is operated entirely from 
48-volt storage batteries to insure against 
loss of control from loss of a-c power. A 
check-back feature is employed as a guard 
against the possibility of obtaining false 
indications or performing false operations. 
Multiconductor control cable will provide 
the necessary channels for operation of 
the supervisory-control equipment. Each 
of the eight remote supervisory centers 
will be controlled and supervised over a 
single pair of wires. In addition to the 
pair per station, there will be two standby 
pairs. One standby pair will be available 
to the five stations to the north of the dis- 
patcher’s office, and the second pair will be 
available to the three stations to the 
south. 

Throw-over switches at all points will 
facilitate transfer to the emergency lines in 
case of trouble. Anaudible and a visual 
alarm will be given in the power super- 
visor’s office in case any of the control 
lines are opened, grounded, or short-cir- 
cuited. In addition, each line will be 
equipped with supervisory-control pro- 
tectors which will function to clear any 
heavy surges which may appear on the 
line wires. 


EMERGENCY ALARM SYSTEM 


Adjacent to splicing chambers located 
at intervals of about 400 feet along each 
subway track, emergency alarm boxes will 
be located on the walls above the walk- 
ways. These alarm boxes will be similar 
to city fire-alarm boxes in that when the 
lever on one of them is pulled, an alarm is 
given at the power supervisor’s office. 
The alarm will be audible and visible, and 
the number of the box on which the lever 
is pulled will be recorded on a tape to- 
gether with the time and date. Also, the 
pulling of an alarm-box lever will im- 
mediately open all circuit breakers 
through which power is normally supplied 
to the contact-rail section where the alarm 
box is located. Thus, in case of an emer- 
gency, such as a train wreck or fire, the 
motorman of an affected train, or other 
employee, can quickly de-energize the con- 
tact rail and at the same time give the 
alarm at the power supervisor’s office. A 
telephone will be located by the side of 
each alarm box to enable the person actu- 
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ating the alarm box to give further in- 
formation and ask for and receive instruc- 
tions concerning the emergency. 

The alarm circuit will be a single-wire 
loop connecting all boxes in series. Each 
alarm box, when its lever is pulled, will 
cause a spring-driven contactor to open 
and close this loop circuit automatically 
at intervals in a code corresponding to the 
box number. If levers on two to four dif- 
ferent boxes are pulled at the same or 
nearly the same time, each will transmit 
its code in turn, and all signals will be re- 
ceived at the supervisor’s office without 
interference. The loop circuit will have 
automatic line supervision which will 
cause a distinctive alarm signal to be 
transmitted and recorded, in case of a 
ground or open circuit on the loop. The 
source of current for the alarm circuit and 
recorder will be a 48-volt storage battery 
at the power supervisor’s office. 

The circuit breaker tripping circuits will 
be an individual series loop for each con- 
tact-rail section. The opening of one of 
these loops will effect the de-energizing of 
the contact-rail section by means of re- 
lays, causing the supervisory-control 
tripping relays to trip the breakers. The 
alarm-system tripping relays are so de- 
signed that the power supervisor can re- 
close the circuit breakers by supervisory 
control after a short interval. The source 
of current for the alarm system’s tripping 
loops will be the storage batteries at the 
outlying supervisory-control centers. 


Signal System 


The signal system consists of wayside 
colored-lights, approach interlocking sig- 
nals, home signals, and interlocking dwarf 
signals. All of these except the dwarf sig- 
nals have automatic controls; the ap- 
proach and home signals are also con- 
trolled manually to govern train move- 
ments to and through interlocking plants. 
Dwarf signals (sometimes called backup 
signals) are manually controlled. 


AUTOMATIC TRAIN STOPS 


Associated with each automatic block, 
approach, and home signal there will bea 
wayside electropneumatic  train-stop 
mechanism which in the tripping position 
would engage trip arms on the train 
thereby applying brakes and enforcing 
obedience to the STOP indication of the 
signal. A stop-release contactor mounted 
on the signal when operated by the motor- 
man will clear the stop arm and permit 
him to pass a red signal when it is neces- 
sary to close up to the train ahead, or 
when signal or car-equipment failure oc- 


De Leuw—First Chicago Subway 


$ 


| oe 
curs—according to the “stop, then prom 
ceed”’ rule. : 


TIMING CONTROL 


The tracks are divided into blocks with 
a signal and train stop at the entrance to 
each block. The minimum length of a 
block is equal to the emergency braking 
distance for the expected maximum speed 
of a train as it enters the block, plus an 
additional length as a factor of safety, 
Minimum-length blocks are used in sta- 
tion timing where a train is allowed to 
close in at restricted speed when the sta-~ 
tionsectionisoccupied. Anilluminated T 
sign informs the motorman of the train 
where to begin this restricted speed. Sig- 
nals governing entry into astation have ex- 
tended controls so that the train standing 
in the station is protected by three or four 
red signals or by a distance sufficient to 
protect it from a following train traveling 
at maximum speed. The approaching 
train, on entering a track section or block 
where the T sign is located, energizes a 
time-element relay which picks up at a 
predetermined time and cuts off the ex- 
tended control of the next signal, allowing 
it to clear for the train now traveling at a 
restricted speed. If this train continues 
at restricted speed, the next signal will 
have its extended control cut off by a 
second timing relay and so on, to bring 
the following train up closer to the station, 
This station timing is necessary to provide 
for the 90-second headway for which the 
signal system is designed. With no train 
standing in a station, all closing-in signals 
will be green, and a train can then proceed 
at normal speed. 


On descending grades the braking dis- 
tance is greater, and therefore the blocks 
at high speed would be so long as to re- 
duce the track capacity. Restricting the 
speed of trains on grades results in in- 
creased safety and increased capacity. 
To accomplish this, ‘“‘grade timing”’ is used 
with one or more signals normally show- 
ing the stop indication. If the trains run 
at excessive speed, a caution signal will be 
displayed, together with an additional 
lunar white indication, which indicates 
that the next signal is at “‘stop’’, only be- 
cause the allowable speed is being ex- 
ceeded, and that it will clear if the train 
runs at the permissible speed as measured 
by a timing relay. 

These timing relays will receive coded 
energy for the measurement of the time 
intervals controlled by contacts on the 
track relays. The code transmitter, con- 
sisting of a coil, a mechanically tuned os- 
cillator, and contacts, will generate the de- 
sired code for a number of time relays as 
determined by the location and distribu- 


ELECTRICAL ENGINEERING 


‘ih a 1." 


me 
of these timing relays. Timing re- 
s are also used for the emergency re- 
e of approach and route locking at 
erlocking plants. The time intervals 


ill vary from four seconds for station 


ming to a maximum of 120 seconds for 


RLOCKING 


At interlocking plants, switches and 
ignals are controlled by means of buttons 
on a control board, and electric relay 
i terlocking, in lieu of the mechanical 


interlocking machines. The control board 
is mounted on a desk within easy reach of 
the operator and has engraved on its face 
a miniature diagram of the tracks and 
switches of the interlocking plant, backed 
with lights repeating the track sections, 
thus showing the presence of a train as it 
approaches and moves through the plant. 
The interlocking control circuits are de- 
signed so that to initiate a route the 


Li 


operator need only manipulate a knob or 
button on the control board at the begin- 
ning of a route and then a second button 
at the end of said route. This operation 
causes the various switches and signals of 
the route to be correctly positioned and 
indicates on the control board that these 
switches have responded. This operation 
further electrically locks other switches 
and signals so that no conflicting move can 
be set up. Circuits are also provided for 
approach and sectional-release route lock- 
ing which is standard in interlocking prac- 
tice. Each switch and crossover has a 
separate operating lever on the control 
board for independent manipulation. An 
indication is also provided for each switch 
or crossover to show when they are not 
free to move, either because of the elec- 
tric locking, or because a conflicting posi- 
tion of the switch has been called for. 

The entrance control button has a red 
and a green lamp within it. The red 
lamp will flash when a route is initiated, 
will become a steady red light when the 
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‘king which formerly was standard with ~ 


route has been completed, and will change 


to a steady green light when the signal has 
cleared. 


RELAYS AND TRACK Circuits 


All relays are of the plug-in type 
with terminal prongs at the back. 
These prongs fit into sockets set into 
bases that are permanently mounted on 
racks. The control wires are soldered to 
these sockets. A maintainer desiring to 
replace a relay pulls one out of a socket 
and plugs in a duplicate without dis- 
turbing the wiring. 

All interlocking and signal-control re- 
lays operate on ten volts direct current. 
Track relays are of the a-c vane type and 
operate over single-rail track circuits, 
where one rail is given over to signal track 
circuits, and the other rail is used both 
for power return and for track circuits. A 
track relay is connected across the signal 
and negative rails at the entrance to a 
block, while the approximately four-volt 


Figure 5 (left). Front 
of typical a-c switch- 


board 


Figure 6(right). Ty- 
pical pump room 


secondary winding of an air-cooled track 
transformer is connected across these rails 
at the far end of the block of track section. 
The relay and transformers are protected 
from unbalanced propulsion current by 
means of a resistance unit inserted in the 
leads to the signal rail and also by 600- 
volt fuses. The resistance unit in the 
transformer lead further limits the flow of 
current with a train in its track section. 
The track transformer has another second- 
ary winding which furnishes ten-volt 
energy for lighting all signal lamps. 


SIGNAL POWER SUPPLY 


The signal power-supply equipment is 
located in eight signal rooms in the State 
Street subway and at the north and south 
portal interlocking plants. Two liquid- 
cooled transformers at each location, one 
furnishing the normal supply and the 
other acting as a reserve source of power, 
receive energy at 60 cycles 208 volts in 
the subway and 240 volts at the two por- 
tals. The secondary circuits are inter- 
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connected by means of an automatic 
transfer switch and feed power to the 
a-c signal mains at 110 volts. 

Two rectifiers of the copper-oxide type 
at each power-supply location are con- 
nected in parallel and feed power to the 
d-c signal mains at approximately 16 
volts. These signal mains extend in each 
direction and in each tube from the power- 
supply source approximately half way to 
each adjacent supply location. The a-c 
signal mains feed the interlocking control- 
board lights, all signal lights, and track 
circuits. The d-c mains feed the relays 
at interlocking plants, all signal-line con- 
trol relays, timing relays, and the electro- 
pneumatic valves. 


COMPRESSED AIR 


Air-compressor plants are located at the 
north-portal interlocking tower and at the 
13th Street junction. Each compressor 
plant is equipped with two compressors 
connected to individual 600-volt d-c mo- 


tors with automatic controls and fed from 
the propulsion current supply. The auto- 
matic controls are so arranged that either 
or both of the compressors may be cut in, 


depending on the drop in pressure. The 
compressed air is for operation of the 
automatic train stops and the track 
switches at interlocking plants. 

The air distribution system consists of 
11/.inch air pipe extending the entire 
length of each subway tube and two-inch 
air mains on the elevated structure. 
Branch air lines feed compressed air at a 
normal pressure of approximately 65 
pounds per square inch to the cylinders of 
the automatic stop and switch operating 
mechanisms. 


Other Electrical Features 


A-C POWER SUPPLY 


The power for operating the a-c elec- 
tric equipment will be supplied from fre- 
quent distribution centers along the sub- 
way by the Commonwealth Edison Com- 
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pany through 208/120-volt three-phase 
four-wire grounded neutral feeders. The 
total connected a-c load of the State 
Street subway and approaches (approxi- 
mately ten track miles) is divided roughly 
as shown in Table I. 

On this 4.9-mile two-track State Street 
route there are 21 a-c switchboard rooms 
in the subway, each supplied by duplicate 
service feeders from the Commonwealth 
Edison Company’s transformer vaults. 

‘In the section outside of the central busi- 
ness district, the duplicate feeders are not 
merely parallel feeders; they come from 
normal and emergency sources, fed from 
different transformers. In the downtown 
area, the feeders come from transformer 
vault busses supplying the 208-volt three- 
phase network of the power company. 

These busses are interconnected with 
other vaults, and trouble in a vault sup- 
plying the subway would not interrupt 
services because of the network isolators. 
The reliability of the primary networks 
feeding transformers is well known. 

_ Each a-c switchboard in the subway— 
see Figure 5—consists of a manually oper- 
ated normal and an emergency service 
feeder main circuit breaker, on the load 
side of which is an electrically operated 
latched-in circuit-breaker type of auto- 
matic transfer switch to transfer the load 
from the normal to the emergency source 
in the event of failure of the former, and 
automatically transfer it back again on 
restoration of the normal source. In 
order to facilitate maintenance of the 
transfer switch there are by-pass and dis- 
connect switches so arranged that the 
load can be by-passed around the transfer 
switch and the latter isolated, without 
interrupting the load. The remainder of 
the switchboard consists of the meter 
panel and branch feeder circuit breakers. 
The switchboards are all of dead-front 
steel construction with draw-out type of 
main service breakers. All circuit break- 
ers are of the air-break type, main break- 
ers having 50,000 amperes interrupting 
capacity, and the branch breakers in the 
switchboard 25,000 amperes interrupting 
capacity. 


PuMpPs 


The drainage pumps are located in 
pump rooms over sumps constructed be- 
low track level—see Figure 6. Each in- 
stallation includes two pumps, one acting 
as a standby normally, and each consist- 
ing of a submerged centrifugal pump 
driven through a long shaft by a 208-volt 
three-phase squirrel-cage splash-proof 
motor automatically controlled by float 
switches. At locations where the subway 
crosses below the Chicago River the mo- 
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tors are located at the ground surface, and 
they drive the pumps below by 80-foot 
shafts. The motors—ranging from 5 to 50 
horsepower—are equipped with line-volt- 
age starters. In the State Street sub- 
way, there is a total of ten pump rooms. 


VENTILATION 


In general, it is proposed to depend 
upon the piston action of the moving 
trains for the normal ventilation of the 
tunnels, excepting in those portions of the 
tunnels which are at so great a depth as 
to make the cost of vent shafts to the sur- 
face prohibitive. These deeper sections 
of tunnel under the river will be venti- 
lated by fans which can be operated con- 
tinuously. 

It is also proposed to depend upon the 
piston action of the moving trains for the 
normal ventilation of the stations, except- 
ing the loop stations where the piston ac- 
tion will be somewhat ineffective. 

Emergency fans will be installed mid- 
way between each pair of stations outside 
of the central district. In addition, small 
fans for the ventilation of toilet rooms and 
other service rooms will be provided in all 
of the stations. Vent shafts from train 
sections to the surface have been built on 
about 450-foot centers. The vent shafts 
near the stations have been located to 
serve a double purpose, namely, ventila- 
tion and blast relief for the station plat- 
forms. Without blast-relieving shafts at 
the tunnel entrances and exits of the sta- 
tions, the high air velocities produced on 
the station platforms by the piston action 
of the trains would be intolerable. All of 
the openings in the tunnel walls to vent 
shafts will be equipped with power-oper- 
ated louvers. These louvers will be 
interlocked with the emergency fans, so 


Figure 7. Streamlined and 

articulated §subway-elevated 

cars of the type proposed for 
Chicago 
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that when these fans are in operation, th 
louvers will be closed. 

Two-speed reversible station fans wi 
provide normal ventilation at the loo 
stations. 

The horsepower of the fan motor 
ranges from 71/2 to 60. All of the fan 
except one will be of the propeller type 
six to ten feet in diameter, and belt driven 
The motors will be two-speed three-phas 
squirrel-cage motors with splashproo 
frames. One fan will be of the centrifuga 
exhaust type driven by a 60-horsepowe 
motor and will be used to ventilate a deey 
tunnel section that does not have ventilat 
ing shafts. There will be a total of 26 fai 
rooms in the State Street subway includ 
ing 13 in the downtown stations. The 
fans will be controlled by the supervis 
ory control system of the railway. 


LIGHTING 

The normal illumination of the subway 
will be by fluorescent lamps in the station; 
and over station platforms, and by in. 
candescent lamps in the train tubes 
Forty-eight-inch, 40-watt white fluores 
cent tubes will be used in the stations 
The tubes will be mounted in single-tube 
fixtures with single-tube power-factot 
correcting auxiliaries mounted in the base 
Each tube will be entirely enclosed by 
frosted glass globe covering the lower halt 
of the tube, and a reflector and the fix- 
ture base covering the upper half. The 
lighting fixtures and lamps are planned tc 
produce lighting intensities varying from 
six to more than eight foot-candles on 
mezzanine floors and station platforms. 

Sixty-watt incandescent bare lamps will 
illuminate the tunnels between station 
platforms. They will be provided with 
opaque shields on one side to protect the 
eyes of the motormen. The lamps will be 
spaced at approximately 30-foot intervals 
on each of two lines of lamps per tunnel. 
Every fourth light in the tunnels will be 
on a 600-volt d-c circuit, with 56-watt 
railway-type lamps connected five in 
series in a group. Emergency 600-volt 


lights in the stations will be incandescent 
lamps. 

The a-c lights will be remote-controlled 
from the cashiers’ booths in the stations, 
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gle- hase latchedin contactor closing 
a lighting circuits. In general; there 
wi be two degrees of a-c illumination in 
_ the tubes and the stations, with space sec- 
tionalization, The 600-volt emergency 
lighting circuits will always be energized 
from one of two sources, with an auto- 
matic transfer switch being provided at 
each station for both tubes and station. 
A special 600-volt lighting cable running 
the full length of the tubes will be one of 
these sources, and the nearest traction 
positive feeder will be the other source. 
All lighting loads will have duplicate 
eeders, one of which will be exclusively for 
“the lighting load, and the other may serve 
other loads or act as a standby emergency 
feeder for one lighting load, while serving 
“as a normal feeder for a motor load. 
Manual transfer switches will be used for 
some lighting loads when near a switch- 
board, but the tunnel-lighting feeders will 
have automatic transfer switches. This 
duplication of lighting feeders will be in 
addition to the triple reliability of three- 
phase, four-wire lighting circuits with 
single-pole subbranch breakers serving the 
same area. Thus, the importance of re- 
liable illumination in a metropolitan 
subway is recognized. 


Provision will be made for more intense 
illumination at the portals during daylight 
hours, to permit adjustment of the motor- 
man’s eyes to the comparatively dark 
tunnels, by flood lights located near sub- 
way portals. Control of these additional 
lights will be from outdoor photoelectric 
cells. 


ESCALATORS 


For the reason that the grade of the sub- 
way platforms is generally 40 feet or 
more below the sidewalks, the escalator 
installation in the State Street subway is 
exceptionally liberal. There will be two 
escalators connecting the mezzanine level 
with the platform level at almost all sta- 
tions. Escalators are attractively finished 
and will operate at a speed of 90 lineal 
feet per minute. The downtown station 
escalators are four feet in width, while 
those in lighter outlying stations will be 
three feet. All the usual safety devices 
will be provided. The escalators will be 
reversible and will be controlled by push 
buttons located near the top and bottom 
of each escalator. The horsepower re- 
quired to operate the various escalators 
will vary from 16 to 25 each when fully 
loaded. This equipment was purchased 
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late in the year 1940 at the total cost of 
$1,174,000 for both subway routes. 


Transportation Features 


TRAIN EQUIPMENT 


It appears that the subway will be 
ready for operation prior to the time new 
rolling stock is available. The war is 
likely to cause an extensive delay in se- 
curing modern equipment for the proposed 
subway service. Therefore, operation will 
be initiated with trains of existing steel 
cars of the Chicago Rapid Transit Com- 
pany. 

There is a total of 455 of these units 
available—389 of which are equipped with 
two 170-horsepower motors each—and 66 
trailers. The seating capacity is 52 pas- 
sengers per car, and the total capacity 100. 
These rapid-transit cars were originally 
designed for use in a subway and are well 
adapted for the purpose. Trains will be 
composed chiefly of motor cars, insuring 
high free-running speeds and rapid accel- 
eration. 

The problem of new rolling stock was 
thoroughly studied by a’ committee of 
engineers, organized at the suggestion of 
the city, composed of representatives of the 
Illinois Commerce Commission, Chicago 
Department of Subways and Superhigh- 
ways, the Chicago Rapid Transit Com- 
pany, and the Chicago Surface Lines. 
The committee, after investigating the 
needs of the subway and the type of car 
best-suited to meet requirements of mod- 
ern rapid-transit operation, drafted 
specifications for a modern lightweight 
high-speed rapid-transit unit. 

A streamlined articulated unit, con- 
sisting of three compartment bodies on 
four trucks, and weighing approximately 
82,000 pounds complete without load, 
was proposed. The general type of car is 
illustratedin Figure 7. The seating capac- 
ity is 106 passengers, and the total capac- 
ity 200. Propulsion would be with eight 
motors totaling 440 horsepower, and the 
free running speed 45 miles per hour on 
level tangent track. Such a car would 
start and stop at the rate of three miles 
per hour per second under average operat- 
ing conditions. 

In planning the new unit, the committee 
sought to utilize as many as possible of the 
favorable characteristics and equipment 
of the PCC street car. The latter ve- 
hicle, which obtains its alphabetical name 
from the Presidents’ Conference Com- 
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mittee sponsoring its development, has 
been successfully used during the past six 
years for surface city transit. It embodies 
many “‘passenger-comfort”’ features, such 
as wide clear-view windows, plentiful il- 
lumination, adequate ventilation, uniform 
distribution of heat, smooth rapid starts 
and stops, noiseless operation, and the 
easy riding qualities resulting from rubber 
springs and resilient wheel construction. 
The operation of these new units over the 
welded running rails of the subway tracks 
promises an innovation in smooth-riding 
quiet subway-train operation. 

The initiation of service on the State 
Street subway with the 455 steel cars now 
being specially equipped for subway use 
will provide three-minute service in each 
direction. When additional rolling stock 
is obtained, the number of trains will be 
increased with the demands of traffic up 
to a maximum of 40 trains per hour in 
each direction, the limit of the track. 
capacity. 


OPERATION 


The maximum capacity of two-track 
rapid-transit subways is calculated by- 
assuming the operation of 40 trains of five. 
articulated units per track per hour. 
Units with maximum dimensions of 9 feet 
6 inches in width and 90 feet in length, 
and weighing about 41 tons, are contem- 
plated. With an average loading of 200: 
passengers per unit such an operation 
would develop a capacity of 40,000 pas- 
sengers per hour per track. Thus the 
total capacity of the State Street subway 
would be 80,000 passengers, or 40,000 dur- 
ing the maximum half hour. This total 
capacity may be compared with the pres- 
ent total combined load for rapid transit,, 
street cars, and motor busses of less than, 
90,000 in the maximum 30-minute period. 
Considering the fact that convenience re- 
quires the retention of some local bus and 
trolley-car routes at street grade, it is, 
apparent that this terminal subway layout 
will provide adequately not only for pres~ 
ent but for future traffic for years to come. 

The 3,300-foot long platform planned 
for the State Street subway in the loop 
district will provide space for three. 
double stops—each about 1,100 feet in, 
length. Separate berths will be provided 
at each station stop for trains operating in 
different directions, thus providing the 
broadest possible distribution of incoming: 
and outgoing passengers along the plat- 
form and through escalators, ‘turnstiles, 
and stairways. 
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A New Multiple High-Speed Air 
Circuit Breaker for Mercury-Arc- 
Rectifier Anode Circuits and Its 
Relation to the Arc-Back Problem 


J. W. SEAMAN 


ASSOCIATE AIEE 


Synopsis: Mercury-are power rectifiers 
have been used increasingly to supply power 
to d-c utilization systems in the United 
States since the early twenties. War re- 
quirements, because they have multiplied 
the demand for aluminum, magnesium, 
chlorine, zinc, and copper, all of which uti- 
lize d-c current in their reduction, have 
tremendously increased d-c power consump- 
tion. It is estimated that 12'/. per cent of 
the kilowatt-hours generated in 1941 were 
consumed in such electrochemical processes. 
‘Since the mercury-arc rectifier is now the 
.almost universally accepted form of con- 
version apparatus for this purpose, the at- 
tention of many more engineers has recently 
‘been focused on it. 

Many advantages of the modern rectifier 
have led to its wide acceptance, but it is 
mot within the scope of this paper to deal 
with these. One persistent factor in con- 
ection with the application of rectifiers 
which has claimed much attention is the 
phenomenon of arc-back. Various methods 
of attack have been employed successfully. 
High-speed anode switching appears to be 
the most satisfactory way to handle this 
problem. Such a solution is widely used in 
the aluminum industry.! 

Part I of this paper includes an analysis of 
the arc-back problem and various means of 
protection from its effects. Reasons why 
high-speed anode switching 7s an improved 
type of arc-back protection are set forth. 

Part II of this paper describes this multi- 
pole high-speed air circuit breaker. The 
tequirements which the breaker must meet 
are discussed, and the electrical and me- 
chanical features described. Performance of 
the breaker was checked in field tests. 
Oscillographic data are presented and prove 
that the performance is acceptable. 


Partl. Analysis of Arc-Back 
Problem 


DEFINITION OF ARC-BACK 


RC-back may be defined as a failure 
of the insulating properties in an arc 
rectifier during the inverse half wave 
which results in the rapid reversal of cur- 
rent through the rectifier element. When 
such an event occurs, there are usually 
manifestations of this failure, such as high 
short-circuit a-c current and reversal of 
d-c current normally flowing from the rec- 
tifier. 
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L. W. MORTON 
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Various theories have been developed 
to explain the reasons for this occasional 
failure of rectifying property or arc- 
back.2-§ One commonly accepted ex- 
planation is the “‘particle theory’’ devel- 
oped by Doctor Kingdon. 

In this theory an assumption is made 
that a minute particle of insulating ma- 
terial, perhaps as small as 10~® centi- 
meter in diameter, becomes accidentally 
attached to the surface of the anode. 
Under certain conditions this particle 
may become charged by positive ions from 
the surrounding ionized plasma, and a 
positive voltage built up. Since the dis- 
tance between the particle and anode is 
infinitesimal, a high enough gradient 
may be established between particle and 
anode to draw electrons from the anode 
surface (one to ten million volts per centi- 
meter). When the anode emits electrons, 
it becomes a cathode, and the rectifier is 
in arc-back, The chances of such particles 
or patches becoming charged sufficiently 
to create arc-back is a statistical study. 


Engineering Approach to the 
Arc-Back Problem 


Ever since the first commercial mer- 
cury-are power rectifiers were installed, 
engineers have struggled with the arc- 
back problem. Constant research and 
developmental work have been and will 
continue to be conducted to minimize the 
occurrence. It has even been the subject 
discussed at several informal conferences 
under the sponsorship of the AIEE elec- 
tronics committee at winter conventions. 


RATING AND ARC-BACK FREQUENCY 


Much progress has been made. Dur- 
ing the past 15 years, reliable rectifier 
ratings have been increased from 750 kw 
per vacuum system at the outset! until 
today there are many units in very suc- 
cessful operation supplying as high as 
3,750 kw per vacuum system, 

For d-c output voltages below 300 the 
arc-back problem has not been difficult. 


Seaman, Morton—High-Speed Air Circuit Breaker 


Absence of arc-backs has permitted the 
engineer to base the ratings on thermal 
limits of the rectifier element and asso- 
ciated transformer equipment. 

However, at higher voltages, increases 
in rating have required progress in the art 
of reducing arc-backs. Usually, the 
rating is based on the level of load which 
the rectifier will carry with acceptable 
arc-back frequency rather than on the 
thermal limits of the apparatus. 


ANODE SHIELDING 


One of the most powerful means avail- 
able to engineers of reducing arc-back 
tendency is to increase the deionizing 
shielding which is placed near the anodes. 
The shielding may be increased by placing 
more deionizing surface in the are stream 
below the anode, by reducing the area of 
the holes in the grid through which the are 
passes, by changing spacing and configu- 
ration, by increasing are length, or by 
multiplying the number of grids. It 
must be realized though that most of 
these measures also result in increasing 
the arc losses and lowering the efficiency. 

In the modern rectifier a satisfactory 
compromise has been reached. Sufficient 
shielding has been provided to insure ac- 
ceptable performance as regards are-back 
frequency. On the other hand, it has not 
been increased to the point where it has 
endangered the attractive higher effi- 
ciency that the rectifier usually possesses, 
as compared to other types of conversion 
apparatus. Sufficient shielding to reduce 
arc-back near the vanishing point would 
likely sacrifice that margin of efficiency. 


REACTANCE 


Another factor, which bears on arc- 
back tendency, is the value of reactance 
in the transformer supplying the rectifier, 
and in the a-c system supplying the a-c 
power. Engineers have learned that a 
given rectifier may are back frequently 
when connected to a transformer and a-c 
system having certain reactance char- 
acteristics, whereas, the same rectifier 
may be completely free from arc-back for 
other circuits and reactance characteris- 
tics, even though the d-c output voltages 
and loads are identical. Advantage is 
usually taken of this factor in the struggle 
to minimize are back. 


Paper 42-139, recommended by the AIEE com- 
mittees on protective devices aad industrial power 
application for presentation at the AIEE summer 
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Manuscript submitted April 20, 1942; made avail- 
able for printing June 1, 1942. 
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Fas engineers, after having ar- 
rived at an economic balance between 
ency and shielding, have produced 
: ctifiers which are relatively low in arc- 
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that they are unable to predict zero arc- 
backs. Therefore, they must depend 
upon protective equipment associated 
with the rectifier apparatus to eliminate 
the effect of arc-back, both on the electric 
equipment and on the continuity of 
service required. 


aths and Magnitudes of the 
Arc-Back Currents 


In order to select protective equip- 
ment it is necessary to study the direction 
of current flow, its path through the vari- 
ous electric circuits, and the probable 
“magnitudes involved. Figure 1 shows 
typical power circuits for two six-anode 
rectifiers operating in parallel on the 


I 
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INTERPHASE Ra 
TRANSFORMER 


PHASE SEQUENCE 123 


COUNTERCLOCKWISE ROTATION 


same d-c bus, supplying a counter elec- 
tromotive force load. Arrows indicate the 
direction of direct current in the various 
parts of the circuit when an arc-back 
occurs in one of the rectifying elements. 
Figure 2 indicates the behavior of current 
flowing in the important parts of the 
circuit shown in Figure 1 as they would 
be seen in an oscillograph. Steady- 
state values are typical of what would 
occur in many conventional rectifier in- 
stallations if protective equipment were 
not provided. Current values shown are 
typical, being values measured oscillo- 
graphically during representative tests on 
rectifiers rated 5,000 amperes 600 volts 
direct-current. 

Accurate mathematical prediction of 
the current magnitude which would flow 
in a given circuit would be extremely 
difficult. The most important reasons for 
this are that reactance values in any 
transformer involved in an arc-back do 
not remain constant because of d-c satu- 
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ration of the iron; and voltage drops in 
the ares are not well known under the high 
current conditions obtaining. Usually 
such attempts give results in magnitude 
somewhat higher than test measurements. 
Therefore, studies of this sort are usually 
based on actual oscillographic tests, 
Certain general rules however, may be 
used to estimate the behavior of arc- 
back currents. 


RULES FOR BEHAVIOR OF ARC-BACK 
CURRENTS 


1. The reverse current flowing in the anode 
circuit of the rectifier element in arc-back 
consists of several components: 


Contribution From Same Wye. The 
two other phases of the same transformer 
wye feed currents into the affected anode 
in turn as they commutate. Their magni- 
tudes are limited by the commutating im- 
pedance of the rectifier circuit. This com- 
ponent is alternating or pulsating in 
character being displaced from the zero 
axis by action of the rectifier. 

Contribution From Other Wye. The 
other wye of the rectifier transformer in- 


Figure 1. Direction 
of current in various 
parts of circuit when 
rectifier A arcs back 


2739~; 


volved also feeds current into the affected 
anode. This contribution increases gradu- 
ally, because of the initial high impedance 
of the interphase transformer. As the inter- 
phase transformer saturates due to undirec- 
tional current, its impedance decreases, and 
this contribution becomes greater. Its 
magnitude is determined by commutating 
impedance. This component is displaced 
from the zero axis by the action of the recti- 
fying elements. 

Contribution From Parallel Conversion A p- 
paratus. Another component is fed from 
any parallel conversion apparatus such as 
other rectifiers connected in parallel to the 
same bus. This component is not pulsating 
being direct current in character. Its rate of 
rise is determined by the reactance due to 
air leakage fluxes throughout the circuit, 
both in the leakage spaces of the transformer 
windings conducting the reverse current and 
in the connections between the rectifiers. 
Final or steady-state magnitude of this 
component is limited only by the metal 
resistances of the station conductors in 
series, the resistance of one-half transformer 
secondary winding, the resistance of one- 
half the interphase winding, and the lumped 
or equivalent resistance of all contributing 
conversion apparatus in parallel. 

Contribution From the D-C Load. If the 
nature of the d-c load is counter electro- 
motive force, it too will feed current 
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through the anode in arc-back. This com-. 
ponent is d-c in character, Its rate of rise 
is determined by the air flux reactance ‘of 
the circuits involved and its steady-state 
value by the total series metal resistance. 
of the circuit. 


2. All of these components add arithmeti- 
cally to give the total reverse current at any- 
instant carried by the anode in arc-back. 


3. The effective voltage driving the short-. 
circuit currents is reduced in proportion to, 
the increase in are drops caused by the higher- 
currents passing through the arcs. Values 
for this increase in are drop have'jbeen 
difficult to obtain, partly because of the 
transient and unpredictable nature of arc- 
backs and partly because of the instability- 
of high-current arcs. Estimates of 50 to,100) 
volts are often used. 


4. The effective driving voltage is reduced 
by a-c system regulation, 
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Figure 2. Behavior of current in various: parts, 
of circuit during arc-back 


5. In practice it is found that the major 
contributions to the total reverse current are 
from the same wye and from parallel con- 
version equipment. The latter contribution 
is increased as the number and rating of 
paralleled conversion apparatus on the same. 
d-c bus is raised. Such contribution theo- 
retically reaches alarming proportions for 
many large electrochemical installations. It 
has been estimated that theoretical steady- 
state values of reverse current in an anode 
circuit might reach 600,000 amperes for 
certain large installations. (Anode reverse- 
current rates of rise for large installations 
have been measured and range as high as 
10,000,000 amperes per second.) 


6. Other anodes in the same rectifier unit 
or in other rectifiers on the same d-c bus 
are caused to arc back as a result of their 
high contributions to the first one in arc- 
back. It is doubtful if such theoretically 
possible high steady-state values as 600,000: 
amperes would be reached, and certainly 
they would not be maintained. Sympathetic 
arc-backs would always spread among the 
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associated rectifiers. End result would be 
that all rectifiers would become involved, 
and all contributions from parallel apparatus 
vanish. 


7. Contributions from d-c loads usually are 
transitory. Rotating-type d-c loads come 
to a standstill quickly. Electrolytic loads 
are usually inductive, so that the current re- 
versal is relatively slow, and rate of rise 
limited. Electrolytic-cell polarization volt- 
ages are usually only a fraction of the d-c 
applied voltage, and resistance drops are a 
large factor. Under short circuit such cells 
lose their polarity rapidly. 


8. Current increases in the primary wind- 
ings of the rectifier transformer correspond- 
ing (by transformer action) to the secondary 
currents. The values would be similar to 
those reached when all the secondary wind- 
ings of such a transformer are short-cir- 
cuited, except for the fact of the rectifying 
action and the higher-exciting currents due 


nected to the anodes in arc-back would be 
particularly severe. 

3. The rectifier element itself would be 
affected in several ways: 

A. The higher currents would heat parts not pre- 


viously degassed for such high currents and drive 
off gases which would impair the vacuum. 


B. The high-current arcs would burn the metal 
walls of the vacuum chamber. 


C. While the graphite anodes will withstand severe 
heating, continued presence of a cathode spot at 
the anode would remove material and roughen the 
surface. 

4. Continuity of service would be inter- 
rupted, because other conversion apparatus 
on the same bus would be overloaded to the 
failure point. 


TRANSIENTS WHICH SIGNAL ARC-BACK 


It is obvious that the sudden reverse 
and overcurrent conditions which appear 
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Figure 3. Cathode-switching arrangement of 
protective equipment 


A—High-speed d-c circuit breaker with 
built-in reverse-current tripping action 


B—Medium-speed d-c circuit breaker with 
time-delay overcurrent trip 


to d-c saturation in the iron. These factors 
increase the primary currents over the 
values that would obtain if all the trans- 
former secondary windings were merely 
short-circuited. 


ErFFect oF Arc-BAack WITHOUT PRO- 
TECTION 


The preceding analysis indicates that 
the high currents impose stresses on nearly 
all parts of the circuit. Various injurious 
results which could be expected if pro- 
tective equipment were not provided may 
be listed as follows: 


1. The a-c supply system may be over- 
loaded. Increase in current supplied during 
arc-back often reaches 20 times the full-load 
current rating of the transformer. 


2. The rectifier transformer would be 
damaged. Rectifier transformers are usually 
specially braced to withstand mechanical 
shocks due to are-back. The duty caused 
by the high current in the windings con- 
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in the circuits during arc-back offer ready 
means for signaling the event and actu- 
ating the protective equipment. A study 
of Figures 1 and 2 in the light of these re- 
quirements is worth-while. Current sud- 
denly increases in the a-c supply lines and 
in all the anodes operating in normal 
forward-current fashion. However, these 
are symptoms of overload as well as arc- 
back. It is difficult by this means to dis- 
tinguish arc-back from plain overload. 
If there is parallel conversion apparatus, 
a reliable indication of arc-back is the 
presence of reverse current in the cathode 
and negative connections. However, 
where a single rectifier feeds a purely re- 
sistance-type d-c load, no reversal occurs 
in these connections. The invariably pres- 
ent unmistakable evidence of arc-back is 
the presence of reverse current in the con- 
nection between the transformer second- 
ary winding and the anode of the rec- 
tifier. 


Four General Methods of Arc-Back 
Protection 


Broadly there are four methods of pro- 
tecting from arc-back. Three of these 
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have been used in conventional large 


power installations. 


REACTANCE 


First is the use of large reactance values 


to limit the arc-back currents. Often if 
the resulting flow of current is limited 
to relatively low values by reactance, the 
condition causing the arc-back at the 
anode disappears, and normal rectifier 
action is automatically re-established. 
This can be true only where no other 


counter-electromotive-force apparatus is 


connected to the same d-c system. This 
method is sometimes used for such rec- 
tifier installations as those furnishing 
high-voltage d-c power to dust precipi- 
tators, oil-cracking processes, and labora- 
tory apparatus. 


ARC SUPPRESSION 


Second is the so-called “arc-suppres- 
sion” method. Are suppression—in the 
case of multianode rectifiers—consists of 
grid action to prevent anodes from firing; 
in the case of ignitron rectifiers—it 
consists of ignitron action and grid action 
to prevent anodes from firing. Arc 
suppression does not have the ability 
to interrupt current passing from anode to 
cathode once it has been established. 

“Arc suppression’ accomplishes its 
purpose by preventing anodes—which 
would normally contribute current to the 
one in arc-back—from firing in turn as 
they become successively positive in volt- 
age. In the case of a single rectifier, the 
anode reverse current consists entirely of 
contributions from other anodes, and it 
is possible quickly to starve the affected 
anode and eliminate the arc-back. It 
should be added that, if other conversion 
apparatus is connected to the same d-c 
bus, the current which they contribute 
must also be interrupted. One method is 
to interrupt the reverse current in the 
cathode line by means of a high-speed d-c 
circuit breaker, Another method, assum- 
ing all other conversion apparatus con- 
sists of rectifiers, is to apply ‘‘arc sup- 
pression” simultaneously to all other rec- 
tifier elements connected to the same bus 
during are back. 

“Arc suppression,’ by means of grids, 
is accomplished by suddenly energizing 
the grid with negative potential. With a 
negatively charged grid between the 
anode and cathode spot, electrons are 
repelled, and the anode is often effectively 
blanketed so that it cannot fire. In the 
ignitron, the anode is prevented from fir- 
ing by suddenly cutting off the electric 
excitation of the igniter point which cre- 
ates a new cathode spot each cycle. With- 
out the existence or creation of the cath- 
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Figure 4. Anode-switching arrangement of 
protective equipment 


A—High-speed _multipole-anode circuit 
breakers with built-in reverse-current tripping 
action for each pole 


8—Medium-speed d-c circuit breakers with 
time-delay overcurrent trips 


ode spot in the mercury cathode pool, the 
anode should not fire. 

Experience with “are suppression,’’ 
however, indicates that it is not always 
effective. Therefore, other backup pro- 
tection in the form of protective switch- 
gear is always provided to interrupt the 
overcurrents when “are suppression” 
fails. 

When it is successful, ‘‘arc suppression”’ 
is so rapid in action (one-half to two cy- 
cles) that it is not necessary for the a-c cir- 
cuit breaker toopen. The yardstick often 
used to measure the effectiveness of ‘‘arc 
suppression” is to record and compare 
the number of arc-backs accompanied by 
a-c breaker operations with those unac- 
companied by a-c breaker operations. 
It is obvious that the relay or device which 
detects the presence of arc-back and 
actuates the “‘arc suppression”’ must be 
designed to operate in a small fraction of 
a cycle. 

Experience indicates that ‘“‘arc suppres- 
sion’”’ appears to be more successful in in- 
stallations where reactance values are 
relatively high. 


FLUX PRODUCED BY 
CURRENT IN NORMAL 
DIRECTION. 


FLUX. 
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CATHODE SWITCHING 


Third is the method most commonly 
employed until recently—that of dis- 
connecting the rectifier and transformer 
from the system by means of circuit 
breakers. A typical arrangement is shown 
in Figure 3. In its best form it consists 
of an a-c circuit breaker with special high- 
speed induction-type a-c overcurrent re- 
lay protection, for each rectifier trans- 
former, and a special high-speed reverse- 
current d-c air circuit breaker in the d-c 
side for each rectifier. 


To illustrate the operation of the cath- 
ode-switching arrangement, assume an 
arc-back in cell 2 of rectifier 1—Figure 3. 
The following action takes place: 


1. The d-c current reverses in the cathode 
line of rectifier 1. This action trips the 
reverse-current high-speed d-c breaker, 
which starts reducing the current in one- 
half to three-fourths cycle and interrupts 
the d-e circuit. Reverse current in the 
cathode line had been contributed by recti- 
fiers 2, 3, and 4. This duty imposed over- 
loads on these units and had started to oper- 
ate the overcurrent tripping relays associ- 
ated with the a-c circuit breaker supplying 
rectifiers 3 and 4 and all the negative d-c- 
line breakers. However, the high-speed 
action of the above reverse-current breaker 
usually should relieve the short circuit in 
time to prevent outages on 3 and 4, unless 
they too arc back sympathetically. 


2. Even though the reverse-current contri- 
bution to cell 2 from the other parallel 
rectifiers is removed quickly by the high- 


Figure 5. Magnetic 
circuit of high-speed 
trip mechanism, for- 
ward and reverse di- 
rections 
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speed cathode breaker, contributions from 
the other anodes in the same rectifier con- 
tinue. Overcurrent relays associated with 
the a-c circuit breaker protecting the main 
transformer for rectifiers 1 and 2 therefore 
complete their operation, disconnecting the 
transformer and both rectifiers 1 and 2 from 
the a-c system. 


3. Conventional a-c power-circuit breakers 
require a minimum of seven to ten cycles 
including relay time to interrupt an a-c 
short circuit. This means that the heavy 
duty imposed by the high arc-back current 
in both the rectifier element and the trans- 
former winding continues throughout this 
time. 


4. Two rectifiers connected to one trans- 
former have been disconnected from service 
because of an are-back in only one unit, as it 
was necessary to open the a-c power circuit 
breaker. Only rectifiers 3 and 4 remain in 
service. 


ANODE SWITCHING 


Fourth is the latest method of dealing 
with the problem. A high-speed air cir- 
cuit breaker in the anode line interrupts 
the fault current resulting from the arc- 
back. 


Such an arrangement is shown in Fig- 
ure 4. In its best form it consists of a 
power circuit breaker with standard in- 
verse time a-c overcurrent relay protec- 
tion for each transformer primary wind- 
ing, a special high-speed multipole circuit 
breaker in the anode circuits with reverse- 
current tripping action, and a standard 
medium-speed d-c air circuit breaker in 
the cathode line for each rectifier. To il- 
lustrate the operation of anode switching 
and compare it with operation of cathode 
switching, assume an arc-back in cell 2 
of rectifier 1, Figure 4. The following ac- 
tion takes place: 


1. The d-c current reverses in anode line 2. 
This action trips pole 2 of the high-speed 
multipole-anode air circuit breaker, which 
starts to reduce the overcurrent in one-half 
cycle or less and interrupts the arc-back cur- 
rent in less than one cycle. Current contri- 
bution from rectifiers 2, 3, and 4, as well as 
the other anodes in the same rectifier unit, 
are all cut off. The common circuit path 
where they all add up and flow has been 
opened. 


2. Since the short-circuit condition in the 


SPRING 
BIAS 


POTENTIAL COIL 
FLUX. 


FLUX PRODUCED BY 
CURRENT IN REVERSE 
OIRECTION. 


TRANSACTIONS 791 


transformer supplying rectifier 1 has disap- 
peared in one cycle, its a-c overcurrent relay 
does not trip the main breaker. Therefore, 
the transformer remains energized, and recti- 
fier 2 may remain in service. 


3. High-speed action of pole 2 in interrupt- 
ing the reverse current removed the over- 
current condition imposed on rectifiers 3 and 
4 soon enough to prevent their outage. 


4. Because the duration of short circuit 
does not last more than one cycle, only a 
small fraction of the same duty is imposed on 
both rectifier element and transformer wind- 
ing of rectifier 1 as compared to the longer 
duty imposed with cathode switching when 
the overcurrent lasts 7-10 cycles. 


5. The medium-speed cathode breaker can 
be interlocked with all poles of the anode 
breaker, so that the cathode breaker serving 
rectifier 1 would open, but without severe 
duty. Interlocking would be employed 
where it is inadvisable to allow a rectifier 
to remain in service without all anodes in 
operation. 


Cathode switching for arc-back pro- 
tection was adopted early in the history 
of rectifier application. It had wide ac- 
ceptance, but “arc suppression’? was 
later developed as recognition of some 
of the cathode-switching limitations, grew. 
Then when experience proved that ‘‘arc 
suppression” was not dependable under 
all conditions, and because wide use of 
rectifiers justified the effort, the high- 
speed anode switching was introduced. 
It now appears that the use of adequate 
high-speed anode breakers fulfills the re- 
quirements for arc-back protective equip- 
ment. 


Part Il. The High-Speed Air 
Circuit Breaker Developed 


Basic Requirements 


Before embarking upon the design of 
a new multipole high-speed breaker to 
satisfy the requirements of anode pro- 
tection for mercury-arc rectifiers, a study 
was made to determine the prime requi- 
sites of this new breaker, These are as 
follows: 


(a). The breaker should have a high open- 
ing speed. To clarify this it was determined 
that the breaker should start to reduce line 
current a half cycle or less (60-cycle basis) 
with maximum rates of current rise in the 
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range of 2,000,000 to 6,000,000 amperes per 
second. 


(b). Each pole of the breaker should be 
independently tripfree and be provided 
with a reverse-current tripping device, di- 
rect acting so that an arc-back on any anode 
would be removed independently of the 
other anodes. 


1. A breaker should consist of six of such poles, 
closed simultaneously or individually. 


(c). The breaker should remain closed on 
excessively high currents in the forward 
direction to insure that a rectifier not in- 
volved in an arc-back would remain in 
service. 

(d). The proposed application required a 
breaker which could remain closed carrying 
load for long periods of time. It was there- 
fore evident that existing switchgear stand- 
ards should not be sacrificed in the interest 
of breaker opening speed. 

There were other miscellaneous minor 
requirements attendant to the design of 
this new breaker, such as electrical clos- 
ing, mounting, and so forth, which, while 
of interest to the designer, are not so per- 
tinent to the discussion of this new high- 
speed breaker as the four preceding main 
requirements. 


Design Problems 


An analysis of the above requirements 
indicated that four major design prob- 
lems were involved. These were as fol- 
lows: 


1. A high-speed current directional trip- 
ping mechanism. 


2. A suitable breaker structure. 


3. A current-interrupting device, compact 
in size, yet capable of coping with voltage 
in the order of 1,700 between phases. 


4. A simple drive for operating a number 
of poles mechanically in parallel at a 
reasonably constant speed, regardless of the 
number of poles to be closed. 


Trip Mechanism 


The magnetic circuit of the tripping 
device selected is shown in Figure 5. 
The energy necessary for tripping the 
breaker on arc-back is stored in a com- 
pression spring restrained normally by 
the small armature. Flux provided by 
a potential coil normally holds the arma- 
ture in the restrained position. A rever- 
sal of current caused by an arc-back 
quickly shifts the flux path of that por- 


60-CYCLE eee 
TIMING 
my ay 


SIMULATED BREAKER CURRENT 


Figure 6. Typical 
oscillogram of low- 


0.002 SEC 


POSITION INDICATOR 


voltage high-current 
a-c tests on high- 


RATE OF RISE OF REVERSE CURRENT 
23,000,000 AMPERES PER SECOND 


792 TRANSACTIONS 


speed trip mecha- 
nism 


Seaman, Morton—High-Speed Air Circuit Breaker 


tion normally holding the armature in the 
sealed position; therefore, upon current 
reversal the armature is released and al- 
lows the stored energy of the spring to 
dissipate itself in tripping the breaker 
latch. Figure 5 shows the flux path 


under normal operation and on are-back. — 


It will be noted that flux shifting is read- 
ily accomplished with this type of mag- 
netic circuit. 

The moving parts of the device were 


necessarily extremely light in order to | 


reduce the effect of inertia and obtain a 
satisfactory operating time. The weight 
of these parts, excluding the spring, 
amounts to 2.4 ounces. The portion of 
the magnetic circuit in which the flux 
shifts, due to current reversal, was made 
of laminated silicon steel in order to 
facilitate the flux change. The mag- 
netic circuit associated with the potential 
coil proper was made of solid iron and the 
iron surrounded with copper, so as to ob- 
tain a structure resistant to any sudden 
changes in applied voltage. 

Since this device would be subjected to 
widely varying rates of current rise (in 
the order of 1,000,000 to 10,000,000 am- 
peres per second), it was necessary to de- 
termine the effect of an extremely high 
rate of rise on its performance. It was 
conceivable that with an extremely high 
rate of rise of current in the tripping di- 
tection, the flux in armature would be re- 
duced to zero and then built up in the op- 
posite direction before the armature had 
moved sufficiently to be free of the in- 
fluence of this flux. Such a condition 
would make the device inoperative and 
would prevent its functioning to trip the 
breaker. The level at which this would 
occur could be controlled by varying the 
inertia of the moving parts and by re- 
ducing the air gap of the poles bridged by 
the armature, the final air gap arrived at 
by test being in the order of */3: inch. 

A rather novel and interesting method 
was adopted to determine the effect of 
widely varying rates of current rise on the 
performance of the device. This con- 
sisted of testing the devicein alow-voltage 
high-current a-c circuit. Fora half cycle 
of current in the normal direction the trip- 
ping armature would not release, but on 
the following half cycle of current in the 
reverse direction this armature would re- 
lease to trip the breaker. By simply 
changing the current magnitude, rates of 


current rise in the order of 23,000,000~ 


amperes per second were readily obtain- 
able, and the release mechanism was 
tested and operated satisfactorily at this 
rate of rise in a time of 0.002 second 
from current zero to point of release. A 
typical oscillogram of this performance is 
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shown in Figure 6. Inasmuch as satis- 
factory performance was obtained at this 
tate of current rise, which is considerably 
above the rate of current rise obtainable 
in practice in d-c circuits, the design of 
the tripping mechanism was considered 
acceptable. 


Breaker Structure 


The tripping device just described was 
mounted on a breaker of conventional 
structure during the tests in the high- 
current circuit, both as a convenient 
method for testing the device itself, and 
also to observe the effects of high-speed 
operation on the mechanisms usually 
associated with more or less conventional 
circuit breakers. 

As a result of these observations a 
novel breaker structure was evolved. 
Figure 7A illustrates the mechanism and 
contact arrangement designed for the ap- 
plication, with the mechanism reset ready 
to close. Positioned before the armature 
is a rotative latch normally supporting a 
cam-shaped member. The cam is so 
shaped that drawing a roller over its sur- 
face, by means of lever-actuated links, 
causes the movable contact to move to 
the fully closed position. Opening is 
equally simple to accomplish. Releasing 
the armature (Figure 7A) causes the 
latch to rotate from under the cam. The 
cam, closing rollers, and movable contact 


NOVEMBER 1942, VoL. 61 


MOVABLE 
CONTACT 


ARMATURE 


(7a) 


Figure 7A and B. Side views of 
breaker mechanism and contacts in open 
and collapsed positions 


then collapse simultaneously. The open- 
ing speed is thereby dependent only on the 
applied opening force. Toggles with their 
hard-to-accelerate characteristics, under 
normal usage, are entirely eliminated. 
This mechanism represents a consider- 
able departure from the usual toggle- 
activated circuit-breaker mechanism 
which does not lend itself so well to high- 
speed operation and is responsible to a 
considerable degree for the high-speed 
opening performance obtained with this 
new circuit breaker. 

The contact arrangement designed for 
this high-speed breaker represents a con- 
siderable advance in the art of circuit- 
breaker design. Bearing in mind that it 
was considered desirable to design a 
breaker which would successfully with- 
stand any tendency to blow open on cur- 
rents of high magnitude in the forward or 
normal direction, it was decided to ad- 
vantageously use the magnetic forces 
rather than to resort to brute force which 
would lead to a massive hard-to-accelerate 
structure. To this end the contacts were 
arranged so that the magnetic forces 
would add to the contact pressure rather 
than subtract from it. 

Figure 8 shows that all points of con- 
tact are beneficially affected by the mag- 
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The path of the current at 
the arcing contacts, main contact fingers, 
and at the lower end of the movable 
bridging contact is reversed sufficiently 
to ‘“Magne-seal’”’ then closed against 
currents of high magnitude and to gain 
equally from the accelerating effect of the 
magnetic forces when the restraint of the 
operating mechanism is removed. 

Several other advantages accrued from 
this contact construction other than those 
listed above. A one-piece relatively light 
movable contact member was obtained 
which permitted the accomplishing of the 
high-speed operation objective. The 
pivoting of the lower end of this contact 
member on a fixed point on the lower stud 
permitted the eliminating of a heavy 
flexible connection which would otherwise 
have been mandatory. The difficulties 
experienced in designing adequate life 
into heavy braids capable of carrying cur- 
rents in the order of 1,600 amperes with 
reasonable temperature limits and in 
overcoming their inherent resistance to 
angular movement are well known. The 
mounting of the arcing and main con- 
tacts on the upper stud resulted in light 
low-inertia parts which solved the prob- 
lem of obtaining proper contact sequence 
between the primary and secondary cir- 
cuits. Proper contact sequence is es- 
pecially difficult to obtain with high- 
speed operation if the parts involved in 
the sequence are of relatively high inertia, 


netic forces. 
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Three fingers were used for the stationary 
main contact. The middle finger was ar- 
ranged to lead the other two slightly, so 
as to minimize burning on the other two 
fingers and to facilitate current transfer 
from the main to the arcing contact cir- 
cuit. Asa general result, a contact struc- 
ture which is suitable for high-speed op- 
eration and which would satisfactorily 
meet existing switchgear standards as to 
temperature rise and reliability was ob- 
tained. Since electrochemical processes 
generally signify continuous full-current 
operation, this new contact structure for 
high-speed breakers provides a practical 
answer to continuity of service, by virtue 
of having both main and arcing contacts, 
generally considered necessary for con- 
tinuous low-temperature-rise operation. 


Current-Interrupting Device 


The current-interrupting device de- 
signed for this breaker is extremely simple 
in construction and in operation. Fig- 
ure 9 is a side view showing the component 
parts. The interrupting unit consists of a 
simple open-type arc chute and two blow- 
out coils. One coil is in series with the 
arcing contacts on the upper stud of the 
breaker. Associated with this coil is an 
iron core and two pole pieces of conven- 
tional construction which act upon the 
are terminus on the arc runner and the 
are proper. The other coil is in series with 
arc runner located over the movable 
contact. This coil has only an iron core 
(no pole piece) which acts only on the arc 
terminus when it strikes the arc runner. 

Successful operation is based entirely 
on rapidly increasing the length of the 
arc, therefore, the resistance, to the point 
where extinguishment takes place. Evi- 
dence of the effectiveness of this simple 
chute is shown in Figure 10. From current 
peak to zero is a smooth unbroken line 
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descending at a rapid rate, an excellent 
illustration of efficient current interrup- 
tion. The advantage of this type of 
chute is that, having been designed for a 
specific voltage level, it has no current 
limitation. Any increase in current 
merely increases the magnetic forces 
which in turn speed interruption. 


CLOSING DRIVE 


Since rectifier anodes are operated in 
groups of six or multiples of six, it was 
decided that six individual breaker poles, 
each with its independent current direc- 
tional trip, would be mounted on a com- 
monpanel. A motor-driven closing mecha- 
nism was selected as the most suitable 
means for obtaining reliable closing per- 
formance. This mechanism consisted of 
a series motor suitable for either a-c or 
d-c operation, a torque brake, and a gear- 
driven closing cam. This complete unit 
was connected to a closing crossbar 
affixed to the closing lever of each in- 
dividual pole. Operating the closing 
crossbar through 360 degrees of cam travel 
would cause any number of poles in the 
open position to be closed. This was par- 
ticularly desirable since on arc-back with 
high-speed breaker operation, the arc- 
back is removed before all anodes feeding 
into the rectifier are caused to are back. 
Since under this condition the closing 
load on the motor drive can vary widely, 
it was desirable to obtain a relatively con- 
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stant closing speed. Otherwise single-pole 
closing might be accomplished too rapidly 
as compared to multipole closing. Con- 
stant speed closing was obtained by in- 
serting a torque brake between the driv- 
ing motor and the gear-driven closing 
cam. This device functioned to brake the 
motor due to centrifugal force at a pre- 
determined rpm. 

Figure 11 shows the completed design 
embodying the features just described. 


Performance Tests on the 
High-Speed Anode Breaker 


Factory TESTs 


During the progress of development of 
this new high-speed anode air circuit 
breaker, several representative short-cir- 
cuit tests were made in the factory test- 
ing department. After the final design 
had been reached a complete six-pole 
model was built and tested in a rectifier 
circuit in the factory. Figure 12 indi- 
cates the test arrangements made and 
power circuits used. 

Results of these tests were gratifying, 
but it was realized that the test conditions. 
imposed might not be so severe as would 
be encountered in the field, especially for 
large electrochemical pot lines. The rec- 
tifier transformer used during these tests. 
and the a-c system capacity were such 
that current contributions from other 
anodes in the same rectifier which fed 
into the anode in arc-back were as high as. 
would be usually encountered in the field. 
However, it was impossible to duplicate 
d-c contributions from parallel rectifiers. 
such as would be encountered in large 
electrochemical installations. Instead, 
an 1,800-kw 600-volt motor-generator - 
set was connected to the same bus, but 
this unit lacked capacity for such large 
d-c contributions as were anticipated in 
the field. It also required its own high- 
speed breaker protection to prevent com- 
mutator damage, so that the duration of 
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Figure 10. Typical oscillogram taken during 
field tests 


its current contribution to the are-back 
was limited. 


FIELD TESTS 


Therefore, it was felt advisable to con- 
firm final factory tests by making oper- 
ating-speed and _  interrupting-capacity 
tests in a large rectifier installation. Ar- 
rangements were made for such tests. 
This rectifier installation consisted of 
eight 650-volt 2,600-kw rectifiers, sup- 
plied from four rectifier transformers, all 
connected to the same d-c bus. Short- 
circuit capacity at the 13.8-kv a-c supply 
bus was approximately 400,000 kva. 
D-c load during the test period averaged 
20,800 kw on the eight rectifiers. 
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Figure 13 shows the one-line power- 
circuit diagram for the eight rectifiers 
and test arrangements for the rectifier and 
six-pole high-speed anode circuit breaker. 
Two six-element oscillographs were used 
to record current and voltage behavior in 
the various circuits simultaneously. 

Since are-backs cannot be produced at 
a predictable instant, it is necessary to 
simulate an arc-back by short-circuiting 
one rectifier element with a switch at the 
desired instant. Such a method imposes 
short-circuit currents which exceed the 
values reached under natural arc-back 
conditions, because they eliminate the 
effect of arc drop in the rectifier element 
in arc-back. Thus such test conditions 
are in error in the conservative direction. 
A large electrically operated power circuit 
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breaker was used as the short-circuiting 
switch during the tests. No overcurrent 
tripping action was provided with this 
switch and so it remained closed until 
it was opened manually after each short- 
circuit test was conducted. 


This particular installation had been 
made with the cathode switching-type 
arc-back protective equipment on all rec- 
tifiers, During the tests the regular high- 
speed cathode breaker remained in the 
open position at all times. A suitable 
4,000-ampere medium-speed air circuit 
breaker with overcurrent tripping device 
was substituted instead. 


OSCILLOGRAPHIC RESULTS 


Figure 10 is a reproduction of an actual 
oscillogram obtained during the field tests. 
Several such oscillograms were taken, 
and this particular one is typical of the 
maximum fault conditions recorded. 


Trace for anode 1 shows the current 
through the short-circuiting switch. It 
is apparent that the instant of switch 
closure occurred during the time of normal 
forward-current conduction for anode 1. 
Performance of pole 1 of the high-speed 
anode circuit breaker is clearly indicated 
on the oscillogram. Maximum current 
contributions come from anodes 1 and 5 
and from the other paralleled rectifiers 
through the cathode line. 


An interesting piece of incidental data 
obtained in this test is the record of the 
natural arc-back in anode 5. After its 
high forward-current contribution, it 
immediately went into are-back as proved 
by the reversal of current. Performance 
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of pole 5 is clearly indicated by the cur- 
rent trace for that anode. 

Time required for contacts of pole 1 to 
part after current reversal was 0.275 
cycle as measured by the trace of ‘‘anode 
1 breaker contact volts.’’ Current re- 
duction as a result of arc quenching in the 
arc chute always started appreciably 
earlier than one-half cycle, according to 
the oscillograms taken during each test. 
The values of 0.476 cycle and 0.442 cycle 
illustrated in Figure 10 were typical. 

Study of the cathode-current behavior 
shows that the individual poles each con- 
tributed interrupting effort, not only to 
that of the currents from the other anodes, 
but also to those from other rectifiers as 
well. In fact, pole 5 successfully inter- 
rupted all contributions. This is proved, 
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Figure 13. Field-test circuit 


because the traces for anodes 2, 3, 4, and 
6 show normal forward-current rectifier 
operation lasting approximately 11/4 
cycles after the last reverse current has 
been interrupted by pole 5. 

Traces of anode current for anodes 2, 
3, 4, and 6 cathode current, and medium- 
speed cathode-breaker volts indicate that 
regular rectifier operation may have con- 
tinued without distress on the remaining 
four anodes, had service not been inter- 
rupted by the operation of the cathode 
breaker. This circuit breaker inter- 
rupted less than normal full-load current 
when it opened 2'/, cycles after the event. 

None of the several short-circuit tests 
conducted caused arc-back in any of the 
other rectifiers connected to the same d-c 
bus. Evidence of continuity of service is 
indicated by the trace of the ‘Total D-C 
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Load Current All Rectifiers” in Figure 
10. During these tests there were no 
a-c power circuit-breaker operations for 
the main rectifier transformer included 
in the test circuit. The companion rec- 
tifier connected to the same rectifier 
transformer always remained in service. 

Surge-voltage recording instruments 
were connected across the interphase 
transformer and anode to neutral low- 
voltage main-transformer windings to 
detect any evidence of surge voltages 
which might result from the high-speed 
breaker action. No evidence of surging 
was recorded. 

Oscillographic tests were conducted to 
determine the time required to interrupt 
normal load on the rectifier when tripping 
all six poles by means of removing polar- 
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izing coil voltage. Approximately 11/3 
cycles were required after the switch in the 
polarizing circuit was opened. 


CONDITION OF ANODE CIRCUIT BREAKER 
AFTER TESTS 


A total of six tests were made in the 
field using the circuit shown in Figure 13. 
In addition to obtaining satisfactory high- 
speed operation, the results were particu- 
larly gratifying, in view of the condition 
of the breaker after the completion of the 
tests. The contacts were in excellent 
condition and justified the adoption of 
this arrangement for commercial use. 
No parts would have required replace- 
ment to continue in service. The condi- 
tion of the breaker after tests and the 
high-speed performance obtained during 
tests clearly indicated that a new and 
useful tool had been provided to cope with 
mercury-are rectifier arc-backs. 
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Conclusion 
The advantages obtained by using such 


high-speed anode breakers include: 


1. Shock to the transformer is reduced. 
2. Shock to the rectifier is reduced. 


3. Maintenance on a-c power circuit 
breaker is reduced, because it no longer is 
required to interrupt the high currents due 
to arc-back. 


4. The vacuum in the rectifier is not so 
adversely affected when the arc-back is — 
limited to one cycle or less, as compared — 
with the longer time for a-c power-breaker 
operation. This means any rectifier which 
arcs back can be returned to service at 
once, whereas time out for pumping is often 
necessary with cathode-switching protec- 
tion. 


5. When two rectifiers are connected to the 
same transformer, only the one which arcs. 
back is subjected to outage. The other re- 
mainsin service. This has a most important 
bearing on improved continuity of service 
in many cases. 


6. Likelihood of simultaneous arc-backs or 
spread of arc-backs to other parallel recti- 
fiers is minimized. The reason is that the 
short circuit on the d-c bus is removed in 
one cycle or less. Again continuity of 
service is improved. 


7. The anode breakers are useful discon- 
necting devices when two rectifiers are fed 
from a single transformer. They lend them- 
selves to the isolating of one rectifier for 
maintenance or repair work without inter- 
rupting operation on the other rectifier. 


8. High overcurrent duty is confined to 
one device for the anode-switching arrange- 
ment, whereas with cathode switching both 
cathode switch and a-c power circuit breaker 
open under high duty requirements. Main- 
tenance is thus reduced. 


9. Since each pole of the six-pole anode 
breaker opens independently of the other 
poles, and each pole is equipped with an 
operation counter, a record is provided of 
the anode arc-backs. This often is advan- 
tageous in locating and correcting arce-back 
trouble. 
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I. Introduction 


: BOUT 40 papers have been written 
on the asynchronous torques, syn- 
chronous cusps at running, synchronous 
cusps at standstill (dead points), and 
Noise of the induction motor, The sub- 
ject has been also treated in some text- 
books.* My aim is to give a coherent 
representation of the harmonic problem in 
induction motors. It is based on the work 
of my predecessors, on my own work, and 
on my experience. 

It is intended to give not only a physi- 
cal explanation of the phenomena but also 
to determine them quantitatively, that is, 
to determine the magnitudes of the dif- 
ferent forces which produce the noise as 
well as of the different torques which in- 
fluence the torque-speed curve. An ex- 
act knowledge of the currents produced 
by the field harmonics in the rotor is nec- 
essary for solving this problem. Since 
the magnitude of the harmonic currents 
in the rotor depends on the rotor leakage, 
a special study of the leakage of the single 
harmonics will be necessary. Of great 
influence is here the differential leakage; 
its amount increases with the order of the 
harmonic and therefore becomes impor- 
tant for the slot harmonics. 

Thus a complete representation of the 
harmonic problem in induction motors 
involves the following topics: 


1. The harmonics of the stator, their am- 
plitudes, and their speed with regard to the 
stator and rotor. 


2. The harmonics of the rotor, their ampli- 
tudes, and their speed with regard to the 
stator and rotor. 


8. The force waves produced by the har- 
amonics and their frequencies. 


4, The resistance and reactance of the 
rotor with regard to the different harmonics. 


5. The rotor currents produced by the 
different harmonics. 


6. The forces produced by the harmonics. 


7. +The asynchronous torques. 


Paper 42-100, recommended by the AIEE com- 
“mittee on electrical machinery for presentation at 
the AIEE summer convention, Chicago, IIl., 
June 22-26, 1942. Manuscript submitted April 6, 
1942: made available for printing May 12, 1942. 


M. M. Liwscuirz is with The Polytechnic Institute 
of Brooklyn, Brooklyn, N. Y., and is also con- 
sulting engineer for Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, Pa. 

* The fundamental paper on the influence of har- 
monics in the squirrel cage rotor has been pub- 
lished by L. Dreyfus.!16 The most detailed repre- 
sentation is given in the textbook of R. Richter, 
EELEKTRISCHE MASCHINEN.!° 
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8. The synchronous torques during run- 
ning and at standstill. 


9. : Means to avoid the noise and the para- 
sitic torques. 


It is intended to divide the representa- 
tion in three parts. This paper contains 
the topics 1, 2, and 3, that is, it treats the 
noise problem qualitatively. The magni- 
tude of the forces that produce the noise 
will be determined in the third part, when 
the resistance and reactance of the rotor 
with regard to the different harmonics 
have been discussed in the second part. 


II. The Stator and Rotor 
Harmonics 


Since not only the windings with an in- 
tegral number of slots per pole per phase 
are considered, but the windings with a 
fractional number of slots as well, it be- 
comes expedient to take as the ‘‘funda- 
mental’’ harmonic the wave, the length of 
which is equal to the circumference of 
the stator bore. The synchronous wave 
will be then the harmonic of the order 
n' = p; this is the “main” or ‘‘synchro- 
nous” harmonic. If in the case when the 
number of slots per pole per phase is an 
integer, it is desirable to use the main 
harmonic as the fundamental, the ratio 
n = n'/pis valid; nis then the order of 
the harmonic with regard to the syn- 
chronous wave. 

As shown in appendix 1, the order as 
well as the direction of rotation of the 
stator harmonics is defined by the two 
equations 


n’ B 
Gal 2 


n' B 
ee | 2 
( 1) = Z @) 


where & is an integer excluding 0, ; an in- 
teger including 0. When the minus sign 
in equation 2 is used, n’ travels with the 
synchronous harmonic; when the plus 
sign in equation 2 is used, 7’ travels op- 
posite to the synchronous harmonic. 
When the number of slots per pole per 
phase q; is an integer, 6 has to be set in 
equations 1 and 2 equal to 2, whence 


n' = (kim +1)P (3) 
or 
n=kym+1 (4) 
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where k; is any positive or negative inte- 
ger including 0. When q, is an integer, 
and the winding is a symmetrical three- 
phase 60-degree phase belt winding, k, is a 
positive or negative even integer includ- 
ing 0. When n’ is positive, the harmonic 
travels with the synchronous harmonic; 
when n’ is negative, the harmonic travels 
opposite to the synchronous harmonic. 

In appendix 1, it is further shown that 
the n’ harmonic of the stator produces 
the following rotor harmonics 


m'=k»Qo-+n' for the squirrel-cage rotor (5) 


m'=kopmy-+-n’ for the wound rotor with 
g2 an integer (6) 


where k is a positive as well as a nega- 
tive integer including 0. For positive 
values of the slip s,’ the harmonic m’ 
travels with the rotor when m’ is positive, 
opposite to the rotor when m’ is negative. 

The stator slot harmonics are given by 
the equation 


My'= +Q+p (7) 


and the rotor slot harmonics by the equa- 
tion 


Ms! = =Q2+p (8) 


It follows from equations 5, 6, and 8 that 
the rotor slot harmonics are produced by 
the main (synchronous) wave of the sta- 
tor, and that ke = +1 corresponds to the 
slot harmonics of the squirrel-cage rotor, 
while a large ke corresponds to the slot 
harmonics of the wound rotor. 

Equation 6 assumes that the number of 
slots per pole per phase q: of the rotor is 
aninteger. Ifq,isa fractional number, 


2 : 
ko By pm, has to be inserted in equation 6 in- 
2 


stead of kepme (corresponding to equation 
34, appendix 1). This is valid also for the 
formulas derived from equation 6 in the 
following. 

In appendix 2 formulas are given for 
the harmonics of the magnetomotive 
forces of the stator and rotor which take 
into account their speed relative to 
the stator as well as to the rotor. Since 
the noise problem only is considered here, 
the magnetomotive forces with regard 
to the stator are of importance. 

The magnetomotive force of the n’th 
stator harmonic is 


pr 


by =Byr sin (at-w £m) (9) 


and the magnetomotive force of the m’th 
rotor harmonic 


bee Bet sin (+ a a-s))x 


vis 
wt—m!' iL 4 
pr 


(10) 
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The rotor harmonic m’ is produced by the 
stator harmonic n’; therefore, corre- 
sponding to the equations 5 and 6 


bw =Bm sin [ (ree Gl -9)x 


wt—m’ ty for the squirrel-cage rotor 


pr 
(10a) 


bin! De sin la +kome(1 —s))wt—m! i = m| 


for the wound rotor (10b) 


The values of B,, and B,,, are given in 
appendix 2. 


Ill. The Force Waves and 
Their Frequencies 


The driving force of the machine is a 
tangential force produced by the main flux 
wave and the main magnetomotive force 
wave. The flux harmonics and the har- 
monics of the magnetomotive force pro- 
duce parasitic tangential forces which 
contribute to the noise. However, the 
main source of noise is the group of 
radial forces produced by the flux har- 
monics. The radial force that corre- 
sponds to the induction 6 in the gap is 


f,=1.3885b2 10-8 pounds per square inch 


b consists of all stator and rotor harmon- 
ics. Hence b? is the sum of the squares of 
all stator and rotor harmonics plus twice 
the product of each stator harmonic with 
each other stator harmonic, of each rotor 
harmonic with each other rotor harmonic 
and of each stator harmonic with each 
rotor harmonic. We write in general form 


fH, Dur 


We can use this formula for all five com- 
ponents of 6? making y’ and yp’ equal to 
the values of 2’ and m’ in consideration. 
It is in general 


. T 
by: =Byr sin wyt—ry! aL 
pr 


by, = By sin («et —p! = =) 
pr 
so that 


1 
i — a 3 BiB a x 
Os | (oy —esht—Co"—n! =x |- 
pr 

1 7 
3 By By cos (wy, +p’ )t—(y/ +p") al 

pr 
(11) 
Thus the radial force f, consists of two 
force waves, one having y’ — wu’ force 
pole pairs and the frequency w,, — w, 
the other having y’ + yp’ force pole pairs 
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and the frequency w,, + @,y. We desig- 
nate the number of force pole pairs by k. 
k=0 isastationary pulsating force, k=1 
is a force wave with two poles, k=2 
is a force wave with four poles, and so 
on. The larger the value of k, the shorter 
is the wave length. The stator is, in 
general, stiffer to short wave distortion 
(k large) than to large wave distortion 
(k small). Yet, depending on the con- 
struction of the machine, the small wave 
distortion may be dangerous as well. 

We consider now the different compo- 
nents of b?, 

(a). Stator harmonics only. In equa- 
tion 11 we have to insert y’=7n,’ 

pb’ =m! 

It follows further from equation 9 


Wy! = Op =o=2rfy 


‘Thus 
kang! +m! f+ =2f 
k=nq'—n,' ==0 12) 


f+ is the frequency of the force wave, 
when the sum of n,’ and m,’ is taken; 
f- is the frequency of the force wave, 
when the difference of 2,’ and n,’ is taken. 
Nq’ and nm,’ can be positive as well as nega- 
tive. 

When a single stator wave is considered, 
then m)’ = n,’ and 


f+=2fi 


Thus the force waves produced by the 
stator harmonics have double the line 
frequency. Also the main harmonic pro- 
duces a force wave of double the line fre- 
quency. 

The consideration of the case k=1, 
which must be avoided, we limit for the 
sake of clearness to integral values of qu, 
since fractional numbers of g; are not often 
used in induction motors. k=1 means 


k=2n,' (12a) 


Ng’ +n,’ = +1 or ng’ —n,’= +1 
With equation 3 this gives 
Ng’ +ny! = [(Ria thi) m+2]p= +1 


Ng! — Ny! = (Rig—Riy) mp = +1 


Since k is a positive or a negative integer 
including 0, the case n4’+m,’= +1 can- 
not occur. mq/—m'==+1 is possible 
only when p=1, m=1 and ky or ky 
is an odd number, that is, when the mag- 
netomotive force contains even harmon- 
ics. 

(b). Rotor harmonics only. In this 
case Y=m,’, w=my,’. It follows further 
from equation 10 


Ding! =Brmygy sin [ (ett p en x 
ob—mg =a] 
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Mp —Ny a-9)x 
t m' =n] 
wlh— My 1 
pr: jf 


Inserting here equation 6, we find for 
the wound rotor with gq integral 


binge = Binge sin [ (1+ 


k=m,_'+m)’ 


f+ = [2+ (hoa thop) X 
m(1—s) fi (13) 
f-= [hea — ky) m1 —s) If 


— ’ , 
k=mg —mMp 


and inserting equation 5, we find for the . 
squirrel-cage rotor 


k=m,q'+m,’ 
f+ | 2+ Geatho) & Q: (1 =») lf 


14 
k=m, —m,! ( ) 


f- =| (taku) 2 os (1 -9 | 


M,', My’, kg, and ky in equations 13 and 
14 can be positive as well as negative. 

For the case of the squirrel-cage motor 
as shown in apperlix 2, the value of B,’ 
becomes smaller, the larger the value of 
ko, ke= +1 gives the largest amplitude 
for the rotor harmonic. Considering this 
case, that is, 


ky= +1 


we find for the squirrel-cage rotor 


fra[iae a-s) pr 


(13a) 
f-=0 
when k,, and k,, have the same sign and 
f+=2f 
2 feat (13b) 


when k,g and ky» have different signs. 
When a single harmonic is considered, 
= ,. — = 
then m,’=my,'; Ro=k»=ke 


k=2uq' fo| Lt 5 a-s) br (13c) 


mz instead of Q,/p is to be inserted in this 
equation for the wound rotor. 


If we limit again the consideration of 
the case R= 1 to q integral there will be 


Me! +m, = =1 
or 
Ti iy = El 


With equations 3 and 5, this gives for the 
squirrel-cage rotor 


Ma! +my! = 


1 = (hog thon) Q2+ 
[Ria t+Riy) mt +2]p 
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é nd ke» are positive or negative inte- 
rs including 0. In the usual case of a 
0-degree-phase-belt winding, &,, and 
Ay are even integers including 0. Only 
the 120-degree-phase-belt winding, (two 
speed motors) may have even values as 
well as odd values of ;. In order that 
“Mq'+m,'= +1, the equation must be 
tisfied. 


(Reg +h) Q2 = — (Riat+kiy)mp—2p* 1 


With k,, and ky even integers, this is 
possible only when Q2 is an odd number. 
For Mq’ —m,' = * 1 it follows that 


ma" — My! = =1= (Rog — hp) Q2t (hia — kip) mip 


or 
(Req — hep) Q2= (Ria — Fin) mp * 1 


With k,, and ky, even integers this equa- 
tion can be satisfied when Q, is an odd 
number. Thus the rotor harmonics pro- 
duce k=1 (two-pole force waves) when 
Q2 is an odd number. When the stator 
winding produces even harmonics (120- 
degree-phase-belt winding) also an even 
Q2 may produce k=1. The wound rotor 
has usually g.=integer and Q, an even 
number. In the case g.=fractional num- 
ber, the equation 3 and equation 34, appen- 
dix 1, have to be used in order to find 
whether or not k= 1 is possible. 


The value a 2 is the slot fre- 


quency. It follows from equations 13a 
and 136 that the frequency of the noise 
which the rotor harmonics produce is ap- 
proximately equal to double the slot fre- 
quency or to double the line frequency. 
Seldom another frequency corresponding 
to equation 13 may occur. 

(c). Products of stator and rotor har- 
monics. Here 


y' =n,’ BL =Mq 


m,' is produced by the stator harmonic 
n_’. From equations 9 and 10 we get 
for the squirrel-cage rotor 


k=ny’+m,' f+= [2 +Kue'( -9 i 
(15) 


k=n,'—m,’ f-= [ 2-9 | fi 


In this equation mz is to be substituted 
for Qs for the wound rotor with q: equal 
to an integer. 

It follows from equation 15 that the fre- 
quency of the force waves produced by 
stator harmonics in co-operation with 
rotor harmonics does not depend on the 
order of the stator harmonic; it depends 
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on the factor kp and also on the number of 
rotor phases, if the rotor is a wound rotor, 
or on the number of rotor slots, if the rotor 
is of squirrel-cage type. 

When k,, = 0, mq’ is equal to n,’ and 


there will be 
k=ny'+mq' f+=2f: (15a) 
k=ny'—m,' f-=0 


For the rotor slot harmonics of the 
squirrel cage, k.g=*+1. Thus, when 
the rotor slot harmonics are involved, the 
frequencies of the force waves of the 
squirrel-cage rotor are 


k=ny'+m,q’ f+ -|2 de -9 |p 
(15b) 
k=ny'—m,' j--& (l—s)fi 


It follows from equations 7 and 8 for 
the co-operation of the stator slot har- 
monics with the rotor slot harmonics 


Ry = ng’ +my' = +Q+p+Q.+p 
and 
Rg = Mg)’ — Mg’ = =Qi* Qa 


The smallest absolute values of k,, are 


Rs =Qi—-Q2 =2p 
ku =Qi—Q2 


Disturbing noise can be expected, when 
k,, as given by equation 16 is a small num- 
ber. &,,=1 is dangerous, but under 
certain conditions even k,,=20 may not 
be permissible. The noise produced by 
the machine depends not only on the har- 
monics and the radial forces produced by 
them, it depends also on the mechanical 
construction of the machine and on the 
number of poles which determines the 
depth of the stator core. 

When the stator harntonics co-operate 
with rotor harmonics, the case k=1 re- 
sults in 


(16) 


Ny’ +m,’ = =] 
or 
Ny’ —m,/ = +1 


With equations 3 and 5, this gives for the 
squirrel-cage rotor (q, is an integer) 


ny! +g! = =1= [(Rig thin) +2 p+ hoaQe 


Ny! —Man! =+1= (Rip — Rig) Mp —koaQ2 


Applying here the same considerations as 
in the case of two rotor harmonics, treated 
under (b), we find the same results as 
there, namely that k=1 occurs when Q» 
is an odd number. 

It follows from equations 15a and 15) 
that the frequency of the force waves of a 
squirrel-cage motor which are produced 
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through the co-operation of the stator and 
rotor harmonics have approximately the 
slot frequency or double the line fre- 
quency. Occasionally higher frequencies 
corresponding to equation 15 may occur. 

Since equation 8 is valid also for the 
wound rotor, the results derived for the 
squirrel-cage motor are valid also for 
the wound-rotor motor. 

(d). Zero-pole forces (k=0). Under 
special circumstances the case k=0 
may cause considerable trouble. k=0 
means that there are no force poles, that 
the force is constant around the stator 
bore at any instant, but that it changes 
its value with the frequency w,/—w,’ 
or w,+w, (equation 11). It can be 
seen from this equation and from the con- 
siderations under (a) and (b) that k=0 
is possible only when stator harmonics 
co-operate with rotor harmonics; then 
we have w,’— w,’ 0 and also w,/+wy’ ~0 

Referring to (c) we have 


y'=ny! pw! =m! 


and from equations 3 and 6 for the wound 
rotor 


k=! +mq! =0= (kip +h 1g) +2+Rogme 


k=np' — mq’ =0= (kip — Rig) —Rogme 


The number of phases of the rotor mz 
is usually equal to three. Thus k=m,’+ 
m,’ will be equal to 0, when 


m 2 
(Rip +Fia) nye —Rog 


that is, the sum m,’ +m,’ cannot produce 
k=O, if the stator has m=3. k=n,)’— 
ma,’ will be equal to 0, when 
m 

(kip hia) “y= oa (17a) 
If the stator has a three-phase winding 
there will be in this case, many combina- 
tions which will give k=0. The fre- 
quency of the force is given by equation 
15 when mp is substituted for Q2/p. The 
equation 15 is independent of the value of 
k. 

We consider for example, the combina- 
tion (q, integral) 


Mm=Mm2=3 kiqg=0 hyp = —2=Roq 


To kj,=0 corresponds n,’/=p; to ky= 
—2 corresponds m,’/=—5p; to ky=—2 
corresponds m,’=—6p+p=—5p and mp’ 
—m,'=0. The frequency of the station- 
ary force produced by n,'=—5p and m,’ 
= —5p is (equation 15) 


f-=—2X3(1—s)fi=860(1—s) cycles per 


second 


If we would consider the combination 
Rig=0, Ry= —4=ky, that is, Na =P, Ny’ 
= —11p, m,/ = —11p, we would find that 
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the stationary force oscillates with 720 
(1—s) cycles per second. 

For the squirrel-cage rotor we find 
from equations 3 and 5 
k=ny'+mq'=0= [Rip t+Fia)m +2 \p+RoaQ 
k=ny!— mq’ =0= (hiy— kiq)mp —RoaQa 


Since 2;, and k,, are integers, k=0 will 
occur here when 


Fras is an integer or 
? (17b) 


RraQs « 


is an integer 
m, 


The frequency of the forces is given by 
equation 15 which is independent of the 
value of k. ‘ 

The equation 17a for the wound rotor 
can be satisfied by small values of ig, 
ky, and ky. The corresponding field am- 
plitudes as well as the k=O force will 
therefore be considerable. To the equa- 
tion 17) corresponds usually a relatively 
large value of ko, or ky or Rig, that is, a 
harmonic with small amplitude. This is 
the reason why k=0 may more often make 
trouble in a machine with a wound rotor 
than in a machine with a squirrel-cage 
rotor. 

The natural frequency of a stator core 
for radial vibrations is approximately 


eee ae 
rad. vib. = - (eh She 


cycles per second (18) 


where 7 is the radius in the middle of the 
core, h, the depth of the tooth and h, the 
depth of the core. It depends mainly on 
the radius of the core. 


INFLUENCE OF SATURATION 


For the stator harmonics (equation 37, 
appendix 2) is valid. 


bn =By sin Py ae 
pr 


Since all harmonics n’ are produced by 
the same current, w is common for all 
harmonics, and each harmonic travels 
exactly its wave length during one cycle 
of the current. 


If the magnetic circuit is saturated, the 
main harmonic of the magnetomotive 
force produces, besides the main field 
harmonic, also saturation field harmonics 
which travel 3, 5, .... wave lengths when 
the main harmonic travels only one wave 
length. The saturation harmonics are 
bound to the main harmonic and travel 
with it without changing position with 
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regard to each other. For these harmonics 
we have to write 


Tv 
by =By, sin (vw-v7=) OP 18¥ (})-0 Ono 

TH 

(19) 

The saturation harmonics produce in co- 
operation with the rotor harmonics, force 
waves, the frequencies of which can be 
found from equations 11, 10, and 18 as 
follows 


Of arts fon[ amet a |p 
k= yo! +m’ 
yo =5 fon[ oot : ao |p 
(20) 
1p’ =3 fon[ 2M ate! a9 |p 


k=7p '—m,! 


1’ =5 fon[4—teore nets) |p 


The difference m,’—n,’ is given for the 
wound rotor as well as for the squirrel- 
cage rotor, by equations 5, 6, and equa- 
tion 34, appendix 1. 


Appendix |. The Order of the 


Stator and Rotor Harmonics 


(a) The Stator Harmonics 


We consider a stator winding with a frac- 
tional number of slots per pole per phase. 
Since subharmonics are possible, we take as 
fundamental the wave, the length of which 
is equal to the complete developed armature, 
that is, to 2x. The harmonic n’=p is then 
the main harmonic (the “‘synchronous”’ har- 
monic). 

The stator may have m, phases. The n’th 
harmonic of the magnetomotive force of one 
of the phases which we designate by 0 is 


; x 
fin’ = Fin: sin wt cos n! re cy (21) 


When the number of slots per pole per phase 
is 


b 
=a+- 22 
CE wy, (22) 


where a is an integer, b/8 a fractional num- 
ber, and } and £ have not a common divisor, 
then the winding repeats itself after each 8 
poles. The winding with g:=integer repeats 
itself after two poles. The time and space 
angle between two adjacent phases are for 
2 2a 27 : 
qi an integer — and m'——; correspondingly 
my pm 
these angles are for q: a fractional number 


and 7 
mM, pm 


The time and space angle between the phase 
designated by 0 and the cth phase are there- 
fore for g:=fractional number 


7B 7B 
== (penal wi ——(% 
mM, pm 
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Thus the magnetomotive force of the ct 
phase is 


2 Tv 
fin’ = Fin: sin («= a) x 
Pits aol Mele 23 
cos (: jee n ihe ro) (23 


sitll 
pr 
fev [(ae pe) 
in} { —r)— 
Fy Re s We 
(£41) se] (23a 
Pp my 


In order to find the resultant magnetomotiv 
force we have to take the sum of all m 
phases, that is, from c=0 toc=m—1. Thu 


1 2 x1 
fi =5 Fy { sn (at—n'2 r) x 


e=em—t1 n' 1. 
yD) cos (E-1)Z6c+ 


c=0 


%1 
cos («1 —n'—1r \x 
pr 


c=m,—1 n’ , 
Dy sin (« a 1)= pe |+ 


c=0 


E tn x 
S1n| w, eT ore 


c=m—1 
»S cos( 41) = Be— cost 


c=0 


c=m—l1 
x1 T . 
n' — x sin { — = set (24 
pr ) oy (+ 1) 
The four sums we designate in turn by a, } 


a, and 0;, and the angles in the round 
parenthesis by a and 6. Wecan write 


tin’ =; F,[(a sin a+b cos a) + 
(a; sind—b; cos 6)] (25) 


or 


1 ies 
fin =5 Fre [VW a2-+0? sin (aty)+ 

V a2-+b,? sin (5+ y2) 

= 5 Fw Vat+b sin (a etn )4 


1 5 
5 Fre VJ a2+b2 sin (at4n'3 pte 


(25a) 


These are two waves traveling in different 
directions, and both of the same order n’ 
Since the stator currents produce from eact 
harmonic only one wave, traveling with the 
synchronous harmonic or opposite to it, i 
follows that for some harmonics the sum: 
a and b, for other harmonics the sums a 
and b;, must be equal to zero. 

We assume that a given harmonic, for 
example the m'th harmonic, travels with the 
synchronous harmonic. Then for this har. 
monic the sums a; and }; must be equal te 


zero, while +~/a2+62 must have a definite 
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y 


A 
Uae 


-. Ae ay Sh Wee . 4 
be seen that this will occur 


3 k  kinteger excluding 0 


T 
“ = i)¥s =2rk; k, integer including 0 


vs 


There will be 


 c=m—1 , 
te n wv 
= re cos (E-1)= Bc 
y c=0 p my, 
¢e=m—l1 


= +3 cos k,2rc=m, 


c=0 


c=m—1 ? 

Bae w 
b= 3 sin (1) * Be 
| e=0 bp my, 
c=m—1 


tS sin k\2rc=0 


Seah n’ 2 
b= sin| —+1 
% & (= my, a 


¥ 
c=m,—l1 
: = 


> sink oak 


c=0 my, 


On the other hand, if we assume that a 
given harmonic travels opposite to the rota- 
tion, we find that when 


& + i)s =k k integer excluding 0 


’ 
("+ 1)= B=k,2x7 hk, integer including 0 
P m 


the sums a and } will be zero while Va,2+,? 
has a definite value. Thus 


k integer excluding 0 
(26) 


n’ B : ; 
Sagal i =k, k, integer including 0 
my, Z 


are the criterions for the existence of the 
n'th harmonic in the magnetomotive force. 
When the minus sign is used, the harmonic 
travels with the synchronous harmonic; 
when the plus sign is used, the harmonic 
travels opposite to the synchronous har- 
monic. 

The first criterion is independent of m1, 
it indicates the existence of the m’th har- 
monic in the magnetomotive force of a single 
phase; the second criterion indicates the 
existence of the mth harmonic in the mag- 
netomotive force of the total winding. 

It follows from the preceding that with 
B=2, the equations 26 are the criterions for 
the existence of the mth harmonic in a 


winding with gi=integer. Thus, when 
qi=integer, 
/ 
3 +1=k k=integer excluding 0 
p 


(27) 


, 
(« *- 1)= =k, k,=integer including 0 
p m 
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are the criterions for the existence of the 
n'th harmonic. Since n'/p is also an integer 
when gi=integer, the first criterion says 
that the magnetomotive force of a single 
phase contains in general all odd as well as 
all even harmonics. The usually used 60- 
degree phase-belt winding does not contain 
even harmonics; for this winding k is limited 
to even integers. 

The second criterion can be more con- 
veniently used in the form 
n'=(kym+1)p (28) 
where &; is a positive as well as a negative 
integer including 0. For the normal 60- 
degree phase-belt winding, k: is again 
limited to positive and negative even 
integers including 0. 


(b) The Rotor Harmonics 


The »’th stator harmonic induces in the 
rotor phase designated by 0 the current 


ton? = V2 Ton Sin Syreot 


Sn’ is the slip of the rotor relative to the 
n’th stator harmonic. To the current i,,, 
corresponds a rotor magnetomotive force, 
which contains different harmonics. We 
consider the m’th of these harmonics. Its 
magnetomotive force is 


x 
fom! = Fm: Sin Spwt cos m' ee T (29) 


We assume at first that the number of slots 
per pole per phase of the rotor is an integral 
number. Then the space angle between 
two adjacent phases is, as for the stator, 
ok 2a 
Pme 
motive forces of two adjacent rotor phases 
is determined by the m’th harmonic of the 
stator which produces the m’ harmonic of 
the rotor, and since the space angle between 


The time angle between the electro- 


two adjacent rotor phases is equal to 


pmz 
— ee ; 
this time angle is »’——. The time and 
pm 
space angle between the phase 0 and the 


20 


2Qr 
c and m’ — c, and 


pm2 pm 
thus the resultant magnetomotive force 


1 : , %2 
Som’ =5 Pom 4 | sin | Sprat—m ae yA 


c=m—1 


2r 
py cos (m'—n’) — c+ cos (set 
pm2 


c=0 


c=m—l1 9 
Xo ; , TE 
m'— 7 oy sin (m’—n') — ¢|+ 
pr pme 


cth phase are n’ 


c=0 


c=m—1 
x 
E (set = r) > cos (m'+n') X 
pr c=0 


2 4 
— ¢—cos Spratt m’ — r)x 
pm pr 


c=>=m—1 Or 
> sin (m'+n') rm a (30) 
m2 


c=0 


Since m’ and n’ are integers, the sums are 
equal to 0 except when 


(m'—n"') ne =h2r k, integer including 0 
M2 
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and ‘ 
Le ae : ; é 
(m' +n’) Pee ky integer including 0 
2 


or except when 


m' =kopmy+=n' 


(31) 


For a given value of ky to any value of n’ 
correspond two different values of m’, that 
is, two traveling waves. Giving ke positive 
as well as negative values including 0, we 
can write 


m'=kopm,+n' ke positive or negative 


integer including 0 (32) 


n' can be here, as before, positive or nega- 
tive. 


For the squirrel-cage rotor mn, and 
therefore 
m! =kx02+n! (33) 


While considering the wound rotor we have 


made the assumption qg.=integer. When 
q2= fractional number it will be 
/ 2 / 
2 


This equation can be found by a similar con- 
sideration as for the stator. 


Appendix 2. The Amplitudes of 

the Stator and Rotor Harmonics 

and the Speed of the Harmonics 

Relative to the Stator and to the 
Rotor 


(a) The Stator Harmonics 


For the x’th harmonic of the stator 
magnetomotive force 


1 f) = Far sin (stn a ") (35) 
pr 
is valid, where 
2, Kaa eon 
fis we m,N, —2—™ J, (36) 
n 
For the n’th harmonic of the field 
‘ x1 
by (x1, t) =Byy sin (tw a “) (37) 
pr 
where 
3.19 /2 Kant Kone 
= ——— i 38 
Bn gk.ks 7 Agee n' y i358) 


The factor k, takes 
It is 


k, is the Carter factor. 
into account the saturation. 


AT, +ATntAT 2 
7 AT, 


(39) 


For the higher values of n’, ks is to be set 
equal to 1, since the paths of these harmonics 
are through the tooth tops without pene- 
trating further into the teeth and the core. 
The velocity of the n’th harmonic of the 
field with regard to the stator will be found 
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by differentiation with respect to ¢ of the 
equation 


Pans 
wt —n' —r =constant 


as 
dx; p 7 P, 
OS Sp =a Sawer TB (40) 
where 
T 
Vp=-w=2rf) (41) 
Tv 


is the velocity of the main (synchronous) 
harmonic (n’=p). 

In order to determine the electromotive 
force induced by the ’th stator harmonic in 
the rotor winding, it is necessary to know 
the velocity of this harmonic with regard to 
the rotor. 

If s is the slip of the rotor relative to the 
main harmonic, the velocity of the rotor is 


2,=(1—s)v,=(1—s) ~ 


and therefore 


X_. =X) —9,t =x, —(1—s) - wt 
Tv 
or 


1=22-+(1—s) “wt (42) 
wv 


Inserting this in equation 37 there will be 
found 


bn (x2, t) =By, sin (seuat—w re ") (43) 
T 


where 


, 


sy=1—F (1—s) (44) 


is the slip of the rotor with regard to the 
n'th stator harmonic. It is also 


ae (45) 


fom is the frequency of the electromotive 
force induced by the n’th stator harmonic 
in the rotor winding. It follows from equa- 
tion 43 for the velocity of the ’/th stator 
harmonic with regard to the rotor 


dx 
Uv as ae =SyiVinr (46) 
an =" ETA Ea he 1) 


It follows further from equation 40 


Ie 60. 
(Rpm) py, ay! Ns = h 


; (46a) 
n 
that is, the speed of a harmonic is inversely 
to its order. If there exists a fundamental 
(n'=1), its speed relative to the stator will 
be equal to 60f1, that is, 3,600 rpm for f;=60 
cycles per second. This is the highest speed 
that a stator harmonic can reach. 


(b) The Rotor Harmonics 


Corresponding to equation 37 we can 
write for the m’/th harmonic of the rotor 
field 


bm: (x2, t)=Brmy sin (sauat—m = sa) (47) 
pr 
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This m’th rotor harmonic is produced by the 
n'th stator harmonic. The frequency of the 
rotor currents depends on the slip of the 
rotor relative to the m’th stator harmonic. 
For the amplitude Bm’ is valid (equation 4) 


Te 48) 


Ton is the current induced in the rotor by the 
stator harmonic n’. 

For the squirrel-cage rotor we have to 
insert in equation 48 


ma" N2=1/2, and Kam =Kpm=1 


Further, we have to multiply equation 48 
by p, if we understand J2,, to be the current 
per slot. Thus the field amplitude By, of 
the squirrel-cage rotor is 


3.19 v2 1 


Tt — rarest — I. , 48a 
mn ghoky~2e Qs Ty dan i354) 


, 


B 


It follows from equation 33 (appendix 1) for 
the squirrel-cage rotor that its value of By, 
is usually the larger the smaller is ke. 
kg= +1 gives usually the largest value for 
Bm. 

From equations 47 and 44, it follows for 
the velocity of the m’th rotor harmonic with 
regard to the rotor 


dX pr p n' 
Yam! "ae Stee - a7, Leen 


(1 = be (49) 


In order to study the noise problem it is 
necessary to know the velocity of the har- 
monics of the rotor fields with regard to the 
stator. Inserting in equation 47 the value 
of x2 from equation 42 


Dm (x1, EB sin [+ c. a—s)x 


rege | (50) 
OQ—= 111; =~ Fr. 
p 


T 


The velocity of the m’ rotor field harmonic 
with regard to the stator is thus 


dx, p m'—n!' 
ty tm EL 5 as) fy (51) 


In the last two equations we have to 
substitute equations 32, 33, and 34 (appen- 
dix I) 


m'—n!' 


=kymo for the wound rotor with 
q2=integer 


kom. for the wound rotor with 
g2=fractional number 
(52) 


m'—n! Oz : 
rar =k, A for the squirrel cage 


where ky is a positive or negative integer 
including 0. 

We have seen that with f;=60 cycles per 
second, the speed of the stator harmonics 
cannot exceed 8,600 rpm. The rotor har- 
monics are produced by currents of low as 
well as of high frequency. The speed that 
corresponds to the latter harmonics may be 
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very high. It follows from equations + 
and 51 


(Rpm) em’ = =k = (1 -» (5 


and 
Romig = A 14 as) (5 
m p 


We consider for example a squirrel-ca; 
motor of 30 horsepower, four poles, ( 
cycles, three-phase, with 0:=72, 02=58 at 
examine the combination n’ = +62, ke= — 
m'=-+4. It follows from equations 53 at 
54 with s=1.5 per cent 


62 
(RPM) om’ = ( eos 0.985) 1,800 = 26,506 


il 58 
(Rpm) ym! =H(1 ~ 0.985 1,800 = 24,801 


The frequency of the rotor currents th 
correspond to the combination in consider 
tion is (equation 44 or 45) 


62 
{Pus (: —-— 0.985 Jo =1,768 cycles p 
2 second 


Nomenclature 


b—Instantaneous value of the field i 
tensity 
B—Amplitude of the field 
f—lInstantaneous value of the magnet 
motive force 
f—Frequency 
fi—Line frequency 
F—Amplitude of the magnetomotive for 
k—Integer 
k—Number of force pole pairs 
kqg—Distribution factor 
k,—Pitch factor 
k.—Carter factor 
k,—Saturation factor 
m,—Number of stator phases 
mz—Number of rotor phases 
m'—Order of the rotor harmonics 
Ms,'—Order of the slot harmonics of t 
rotor 
n—Speed (rpm) 
n'—Order of the stator harmonic 
n3;'—Order of the slot harmonics of t 
stator 
N—Number of turns per phase 
f#—Number of pole pairs 
g—Number of slots per pole per phase 
Q—Total number of slots 
S—plip 
v—Velocity 
B—Number of poles per group, wh 
qd: =fractional number 
7™—Pole pitch 
w—2rfi 
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Transient Recovery Voltages and Circuit- 


Breaker Performance 


R. C. WAN SICKLE 


MEMBER AIEE 


XPERIENCE with power circuit 

breakers has frequently shown that 
two breakers of identical design may give 
radically different performances, even 
though the operating voltages and short- 
circuit currents to which they are sub- 
jected are the same. Studies of the con- 
ditions surrounding these circuit breakers 
have traced the cause to the differences 
in the manner in which the recovery volt- 
age has appeared across the contacts of 
the circuit breakers subsequent to the 
final interruption. This voltage which 
occurs between the final are voltage and 
the 60-cycle recovery voltage is an equal- 
izing phenomenon defined as the tran- 
sient recovery voltage. To take it into 
account in breaker applications, studies 
have been made of the transient voltages 
which can occur on systems, and other 
studies have been made of the response of 
the circuit breakers to transient recovery 
voltages. 

In the higher-voltage classes of circuit 
breakers, 34.5 kv and above, the voltage- 
recovery rates encountered in service are 
most severe when the circuit breaker is 
located adjacent to the power transform- 
ers. This is exactly the condition which 
is encountered in high-power laboratories, 
and so the recovery rates produced on the 
laboratory circuits for a given voltage and 
current closely approximate the maximum 
natural frequency and voltage-recovery 
rate which can be encountered in the 
service. In fact, service conditions will 
frequently involve the use of transmis- 
sion lines supplying power to the circuit 
breaker. These lines may be supplying 
only a fraction of the total power which 
the breaker is called upon to interrupt, 
but the presence of the line on the bus 
greatly increases the capacitance of the 
circuit and reduces the rate at which the 
voltage appears across the breaker con- 
tacts. Consequently, when the voltages 
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and currents can be duplicated on the 
laboratory high-voltage circuits, the tran- 
sient recovery voltages obtained will 
probably be as severe or more severe 
than the transient recovery voltages en- 
countered in service. A laboratory dem- 
onstration of the interrupting ability of 
a high-voltage breaker is, therefore, an 
excellent assurance of equally good serv- 
ice performance. 

Studies of power-system circuits at gen- 
erator voltage have revealed that the 
location of a reactor close to a circuit 
breaker produces a very high natural 
frequency in the transient recovery volt- 
age. Some of these values have been 
found to be even higher than those en- 
countered in normal high-power labora- 
tory circuits. Very little was known 
about the performance of circuit breakers 
when subjected to these extremely high 
frequencies, and the need for additional 
data was apparent. 

To eliminate this deficiency by study- 
ing transient recovery voltages having 
very high natural frequencies and to de- 
termine the effect of two-frequency 
transients, the tests described in this 
paper were made. These tests, made on 
four different types of circuit breakers, 
demonstrate the effects of various types 
of transient recovery voltages and show 
that the extremely high natural frequen- 
cies obtained with reactors close to break- 
ers are not appreciably more severe on the 
circuit breakers than the natural fre- 
quencies normally obtained in the labora- 


Typical 
circuits 


Figure 1. 
simplified 
and their corre- 
sponding _ transient 
recovery voltages A 
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tory. They also reveal that tests mad 
on the regular laboratory circuits maj 
often be used to demonstrate the ability 
of the breaker to open under the mos’ 
severe circuit conditions. 


The Problem 


Interrupting a circuit by a breaker con. 
sists of changing the current path througt 
it from a good conductor to a good insu: 
lator. This is done preferably in as 
short a time as possible, with a minimum 
depreciation of breaker parts and as little 
external demonstration as possible. Tc 
accomplish this, the breaker separates the 
metallic current-carrying parts, thereby 
drawing an arc which temporarily com- 
pletes the circuit. This current goes tc 
zero periodically twice each cycle, and it 
is at one of these current zeros that the 
breaker completes the transition from 4 
conductor to an insulator by deionizing 
the space between the contacts. An op- 
portunity to do this occurs at each zero, 
but the arc will restrike if the voltage 
applied across the breaker exceeds the 
dielectric strength of the are space. The 
dielectric strength of an ionized space 
has been defined by J. Slepian as the 
voltage required for sustaining or increas- 
ing the conductivity of the arc space, and 
it depends on the amount of ionization 
remaining and the rate at which the 
breaker is reducing it. The removal of 
the ionization requires time, and the 
breaker dielectric strength increases at a 
finite rate. This strength as defined 
above is finite at all times but increases 
toward the end of a half-cycle and just 
before current zero may attain high 
values. Unless at some time the applied 
voltage exceeds it, the dielectric strength 
will continue to increase after current 
zero, and the transition to an insulating 
state will be completed. 

At the time of current zero in the 
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eaker, the amount of ionization will 
metimes be negligible, and at other 
nes a sufficient amount may remain so 
at a current of a few amperes will flow 
rough the are space when the transient 
covery voltage is applied across it. 
The transient recovery voltage rises at 
rate determined by the ability of the 
rcuit to charge the capacitance adja- 
nt to the breaker. The voltage does 
yt increase at a constant rate nor always 
the same general manner. The char- 
teristics of the transient are determined 
imarily by the circuit constants. A 
mple circuit will have a transient re- 
very voltage which is essentially a sinu- 
idal wave as illustrated in Figure 1A. 
the circuit breaker separates two parts 
a circuit as shown in Figure 1B, 
ch part will oscillate independently, 
id recovery voltage on the circuit 
eaker will be a two-frequency transient, 
e relative frequencies and amplitudes 
pending upon the inductances and ca- 
icitances of the circuit. A similar 
ansient is produced by the more com- 
icated circuit shown in Figure IC. 
ne addition of feeders to the bus, as 
own in Figure 1D, may produce tran- 
nts that are not sinusoidal. 
These variations in the character of the 
ansients are, of course, accompanied 
, variations in the speed with which 
ey take place, as the inductances, ca- 
citances, and number of lines are vari- 
le. The natural frequencies of the 
-cuits used in these tests varied from 250 
210,000 cycles per second. 
The higher natural frequencies are 
used by a low value of capacitance ad- 
cent to the breaker, and only small cur- 
nts flow into these capacitances during 
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Figure 2. Diagrammatic views 
of equipment used in these 


tests 
Magnetic blowout air-breaker 
stack (right) 
A—Masnet coil 


B—Iron yoke 

C—Panel-end horn 

D—Insulation plates 

E—Laminated iron shoes 

F—Outline of arc chamber 

G—Are shield 

H—Arcing horn 

/—Shunt strap 

J—Moving contact arm and 
arcing contact 

K—Arcing and secondary con- 
tact platform 

L—Micarta bushing 

M—Upper stud 


the transient. Consequently, if the ioni- 
zation remaining in the arc space permits 
a comparable current to flow through the 
breaker in parallel with the current 
through the capacitance, a considerable 
modification of the transient recovery 
voltage is to be expected and actually 
takes place, as will be shown by cathode- 
ray oscillograms, 

The circuits of a high-power laboratory 
for testing the interrupting capacity of 
breakers have one or more generators, 
current-limiting reactors, closing switches, 
backup breakers, and the circuit breaker 
on test. For convenience, the reactors 
are permanently installed as a part of the 
laboratory equipment and are provided 
with suitable switching arrangements for 
varying the effective value of the react- 
ance in the lines over a relatively wide 
range. Consequently, the capacitance 
of the bus and switches between the re- 
actor and the circuit breaker may be 
greater than it would be in a power sta- 
tion having the current-limiting reactors 
located within a few feet of the circuit 
breaker. To determine how much effect 
this additional capacitance might have 
and to extend the range of tests up to as 
high values as could be obtained, reac- 
tors were placed in the test cells with the 
breakers and were connected to them by 
short leads. 

Four types of breakers were studied. 
The first was an oil circuit breaker using 
plain-break-type contacts with no means 
of controlling or directing the gases gen- 
erated in the oil. The second was also 
an oil breaker but was equipped with 
modern arc-rupturing devices (‘“De-ion 
grids”), Figure 2. It belonged to the 
class of breakers using self-generated gas 
blasts. The third was an air circuit 
breaker which produced. a magnetic 
blast to drive the arc into a confining slot. 
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Compressed-air-breaker stack 


N—Metal coolers 
O—Exhaust gases 
P—Insulation splitters 
Q—Are 
R—Stationary contact 
S—Tubular support 
T—Avir blast 
U—Moving contact 


The fourth type was the compressed-air 
circuit breaker which subjected the arc 
to a transverse blast of compressed air 
and forced it against arc splitters. 

Because of the various transients which 
may be encountered, three different types 
of tests were used. 

In one type of test, the single-fre- 
quency transients, illustrated in Fig- 
ure 1A, were used with the voltage and 
current constant and the capacitance 
varied. These tests demonstrated the 
effect of varying the natural frequency of 
the transient over a very wide range. 

Another type of test covered a wide 
range of currents at a given voltage. 
Two series of tests were made, differing 
only in the natural frequency of the tran- 
sient recovery voltage. Due to the in- 
ductance varying with current and the 
limitations within which the capacitances 
of the laboratory could be controlled, it 
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Figure 3. Calculated transient voltages for 
circuits used to determine the effect of vary- 
ing the amplitude of the high-frequency 
component 


was not possible to maintain the same 
natural frequency for all of the current 
settings or even to keep them all of the 
same general type. Consequently, for 
comparison, they were all based on the 
average rate of increase in voltage to the 
first peak, the transient voltage-recovery 
rate. This value was about 2,000 volts 
per microsecond for one group and 3,000 
volts per microsecond for the other. 

In the third type of test, voltage-re- 
covery transients composed of two com- 
ponents having different frequencies were 
studied (Figure 1C). The tests were 
made at a given voltage and current, 
and, by varying the distribution of the 
impedance in the circuit, the amplitude 
of the high frequency component was 
varied from 7.5 to 93 per cent of the total 
amplitude of the transient (Figure 3). 
This was done to determine how high the 
first peak of voltage had to be before it 
exerted an influence on the performance 
of the circuit breaker. If the amplitude 
of the higher frequency component is 
relatively small, the voltages reached 
during the part of the transient con- 
trolled by it may be so low that they exert 
little or no influence on the breaker per- 
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formance. However, if the amplitude of 
the higher-frequency component is rela- 
tively high, the transient approximates 
a single-frequency transient and natu- 
rally produces practically the same effect. 

All tests were made on single-phase 60- 
cycle circuits. The 7,620-volt circuits 
had one side of the breaker grounded. 
The 13,200-volt circuits had the neutral 
of the generator grounded through a re- 
sistor. Records were made on a magnetic 
oscillograph and on a cathode-ray oscillo- 
graph having a rotating film drum. To 
expedite the testing, records of two similar 
tests frequently were made on one cath- 
ode-ray-oscillograph film using two dif- 
ferent time scales. 


Plain-Break Oil Circuit Breaker 


The tests on the oil circuit breaker not 
equipped with arc-extinguishing devices 
demonstrated its performance over a 
wide range of circuit voltage-recovery 
rates. The breaker used had a tank 
diameter of 30 inches, a contact stroke of 
111/3 inches and an average contact open- 
ing speed of 8.2 feet per second. The 
two breaks were each ten inches long. 
All tests were single-phase with one side 
grounded at the breaker. The tests were 
close to the voltage-interrupting ability 
but were well below the current-inter- 
rupting ability of the breaker. 

A series of tests was made to determine 
the effect of varying the natural fre- 
quency of the circuit. This was done on 
a 7,620-volt 5,200-ampere circuit but at a 
potential of about 3,810 volts and a cur- 
rent of 2,600 amperes. A wide range of 
natural frequencies was obtained. The 
highest frequency, 208,000 cycles per 
second, resulted from placing a 1.2-ohm 
reactor in the test cell immediately adja- 
cent to the circuit breaker. The lower 
values, down to 380 cycles per second, 
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were obtained by various laboratory cir: 
cuit connections and by adding capact- 
tance to the normal laboratory circuit. 
The arcing time was a function of the 
natural frequency as shown by Figure 4. 

The cathode-ray oscillograms, Figure 5. 
show that at the higher frequencies the 
oscillations of the transients were com. 
pletely damped, and the damping be- 
came relatively less at lower frequencies 
so that the maximum voltage which was 
reached during the extinction transients 
varied as shown in Figure 4. The volt. 
age reached by the transient a half-cycle 
before interruption was also measure¢ 
and plotted in Figure 4. At the higher 
frequencies, these voltages were well be- 
low the voltages reached on the fina! 
transient. However, as the frequency 
was reduced, and the energy of the tran- 
sient was increased, the voltage on the 
transients increased and approachec 
double the normal crest of the sixty-cycle 
wave. As this approximates the nor- 
mal maximum voltage of a recovery tran- 
sient, further reduction in frequency per- 
mitted the arc to extinguish on this 
transient which then became the fina 
transient. The group of crosses repre: 
senting maximum voltages on fina 
transient recovery voltages for 500 to 606 
cycles per second can be considered an in: 
dication of the end of this curve. 

An interesting discontinuity exists ir 
the arcing time curve at about this fre 
quency. The breaker seemed to make ¢ 
good effort to extinguish the are withir 
the first cycle and, if it failed to do so 
would be unable to accomplish it unti 
about the end of the third cycle of arcing 
Below 400 cycles per second the breaker 
interrupted with about one-half cycle o 
arcing. 

At six of the steps the maximum volt 
age which could be consistently inter 
rupted was determined and was founc 
to be about 3,810 volts 2,600 amperes 
At higher voltages occasional failures oc 
curred, and this limit appeared to be in 
dependent of the natural frequency of th 
circuit. 

Two other series of tests were made t 
determine the effect of the amplitude o 
the higher-frequency component of twa 
frequency transients. They were plannes 
and made prior to the series describe 
above and before it was known that thi 
breaker had a constant arcing time ove 
such a wide range of natural frequencies 
The lower frequencies chosen were as loy 
as could be easily obtained but varie 
from 2,700 to 8,000 cycles per second o: 
the low-current series and from 7,000 t 
17,000 cycles per second on the higher 
current series. These series gave dat 
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igure 5. Plain-break circuit breaker, 3,800 
volts, 2,600 amperes 


sathode-ray oscillograms showing effect of 
onductivity in the arc space on the transient 
recovery voltage 


yhich indicated that at both currents the 
reing time was substantially independ- 
nt of the amplitude of the higher-fre- 
juency component, and this result was 
ifficult to explain until the effect of vary- 
ng the single-frequency transients over 
auch wider ranges was disclosed by the 
ater test. Consequently, the data on 
hese tests are of interest in supplement- 
ag the previous data and in showing the 
ffect of the conductivity of the arc 
pace on the damping of the double- 
requenicy transients. 

In one series of tests, made with a cur- 
ent of 1,400 amperes at 3,180 volts, the 
mplitude of high-frequency component 
ras varied from 7.5 to 93 per cent of the 
otal amplitude in about ten per cent 
teps. The transients calculated during 
he planning of the test are shown in 
igure 3, and the transients actually ob- 
ained are shown in Figure 6. The ac- 
ual transients were modified consider- 
bly by the current being passed through 
he arc space of the circuit breaker. 

The transients having calculated high- 
‘equency components of 80 and 90 per 
ent were so heavily damped by the cur- 
ant through the are space that they ap- 
eared aperiodic. Data from these tests 
re plotted in Figure 7 as a function of 
1e amplitude of the calculated high- 
equency component. The arcing time 
smained substantially constant. The 
1aximum peak voltage decreased almost 
nearly, indicating that the higher-fre- 
uency component had negligible am- 
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plitude at the time of the maximum crest. 
The first peak increased almost linearly 
with the amplitude but at a rate only 
about half as great as would have been 
reached without conductivity in the arc 
space. 

A similar series of tests were made at 
higher current, 6,000 amperes at 3,050 
volts with high-frequency components 
having from 7 to 75 per cent of the total 
amplitude. For these values also the 
arcing time was independent of the am- 
plitude of the high-frequency component, 
Figure 8. The conductivity was suffi- 
cient in all cases to damp completely the 
high-frequency .component, and in some 
cases, the low-frequency component also. 
The low-frequency components increased 
in frequency as the amplitude decreased, 
but the range was only from 7,000 to 
17,000 cycles per second. The constant 
arcing time and the damping of the 
transients indicates that the breaker 
easily dissipated all of the energy of the 
high-frequency component and that arc- 
ing times were the same for either the 
high or the low frequency. 

The maximum voltage-interrupting 
ability was found at each setting by mak- 
ing tests at increasing voltages until fail- 
ure occurred. The limit was found to be 
approximately the same for all of these 
circuits. The breaker failed on about 
half of the tests at 3,430 volts 6,750 am- 
peres. 

The tests on the plain-break oil circuit 
breaker operating near its maximum 
voltage-interrupting ability indicates that 
conductivity of the arc space following the 
normal current zero plays a big part in 
modifying the transients. The very slow 
high-energy transients are not appre- 
ciably affected as the energy loss is rela- 
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tively low. As the frequency increases, 
and the energy decreases, the losses 
through the breaker result in increasing 
damping of the transients. At high 
natural frequencies, the admittance of the 
parallel capacitance path is so much 
smaller than the conductivity of the arc 
space that the capacitance current be- 
comes negligible. Consequently,  al- 
though reducing the capacitance further 
can greatly increase the natural frequency 
of the circuit and the calculated voltage- 
recovery rate, the actual transients ob- 
tained on test or in service will not be 
changed. When the conductivity damps 
out the higher-frequency components, the 
lower-frequency greater-energy compo- 
nents become more important. No in- 
crease in arcing time occurs with increase 
in natural frequency above the value 
where conductivity modifies the tran- 
sients. 


‘Only at natural frequencies below 2,000 
cycles per second, corresponding to less 
than 45 volts per microsecond, did the 
arcing time decrease with decrease in 
frequency. Above 2,000 cycles per sec- 
ond, the arcing time was independent of 
the natural frequency or of the combina- 
tion of components in double-frequency 
transients. 


‘“De-ion Grid’’ Oil Circuit Breakers 


The breaker used for this part of the 
test had a tank diameter of 30 inches, a 
stroke of 111/s inches, a contact separa- 
tion of 10 inches and an average opening 
speed of about 8.2 feet per second. It 
was equipped with a heavy-duty type of 
“De-ion grid” of the type shown in 
Figure 2. The breaker was tested at 
normal operating voltages but well below 
its interrupting ability. 


HIGH FREQUENCY COMPONEN 


(\ 10 % 


TIME 


Figure 6. Plain-break circuit breaker, 3,800 
volts, 2,600 amperes 


Tracings of cathode-ray oscillograms for com- 
parison with calculated transient voltages of 
Figure 3 
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Figure 7. Plain-break circuit breaker, 3,800 
volts, 2,600 amperes 


Effect of the amplitude of the higher-frequency 
component 


The tests made on this breaker were 
similar to those made on the plain-break 
circuit breaker. In many cases the cir- 
cuits were the same, but the voltages and 
currents were higher. 

One series of tests was made to deter- 
mine the effect of varying the frequency 
of a single-frequency transient. - This test 
was made at 7,620 volts 5,350 amperes. 
Frequencies from 375 cycles per second 
to 209,000 cycles per second were used. 

The arcing time obtained on these 
tests varied with the natural frequency 
and voltage-recovery rate as shown in 
Figure 9. At the lower values the arcing 
times were less with a gradual rise up toa 
recovery rate of about 200 volts per mi- 
crosecond. Above this voltage-recovery 
rate, no increase in the arcing time was 
obtained, although values up to 8,500 
volts per microsecond were obtained with 
209,000 cycles per second. 

At the maximum frequency two of the 
four transient recovery voltages recorded 
were damped, and two were not damped 
by the conductivity of the arc space. 
Throughout these tests, the arc voltage 
had a tendency to rise and form an ex- 
tinction peak. This resulted in some in- 
crease in the amplitude of the transient. 
The extinction peak indicates rapid de- 
ionization of the arc space and a high 
effective resistance at current zero. Con- 
sequently, damping of the transient was 
observed only at the highest natural 
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frequency where the total energy of the 
oscillation was very small. 

The preceding tests were supplemented 
by another series which showed that at 
13,200 volts 8,000 amperes, the arcing 
time was constant for natural frequencies 
from 3,900 cycles per second up to 
200,000 cycles per second. The highest 
natural frequency was practically com- 
pletely damped by the energy discharged 
into the are spaces, and. the transient 
showed only the 32,000-cycle per second 
component having an amplitude about 
15 per cent of the total. At the next 
step which had frequencies of 26,000 
cycles and 42,000 cycles per second, the 
highest-frequency component was not 
appreciably damped, and the extinction 
peaks were definitely increased. 

This breaker was also tested to deter- 
mine its reaction to double-frequency 
transients. When the higher-frequency 
component is either very large or very 
small, the performance can be expected 
to be the same as the performance ob- 
tained with single-frequency transients 
corresponding to the predominant fre- 
quency. Accordingly, a series of tests was 
made at 7,620 volts 5,200 amperes with 
transients having components of two 
frequencies, one normally causing a 
shorter arcing time than the other. As 
the amplitude of the higher-frequency 
component increased, the arcing time in- 
creased as shown in Figure 10. ~The 
change in arcing time is gradual, and even 
small high-frequency components exert a 
noticeable influence. 

These same relations were demon- 
strated at 15,000 amperes 7,620 volts, as 
shown on the same curve. The lower fre- 
quency varied from 594 cycles per second 
at the lower amplitude of the high-fre- 
quency component to 1,280 cycles per 
second at the higher amplitudes. These 
frequencies may be a little higher than 
those producing minimum arcing and may 
explain why the arcing time does not in- 
crease for high-frequency components 
greater than about 65 per cent of the 
total amplitude. 


An attempt to get a similar curve at 
7,620 volts 2,800 amperes failed, because 
at the lowest frequency available, 250 
cycles per second, the arcing time was as 
long as at the higher frequencies. The 
first peak of the transient recovery volt- 
age increased approximately linearly with 
the increase in amplitude of the higher- 
frequency component and indicated a 
negligible damping of the high-frequency 
component by the conductivity of the 
arcspace. The maximum voltage reached 
during the transient was highest when 
one of the two components predomi- 
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nated and was lower when the two compo- 
nents approached each other in magni- 
tude. The arcing time was practically 
independent of both the first peak and 
the maximum voltage of the transient. 

The tests on this breaker demon- 
strated that the effect of single-frequency 
transients varied with the current. At 
2,800 amperes no appreciable increase 
in arcing time resulted from increasing 
the natural frequency of the circuit above 
250 cycles per second. At 5,200 amperes 
the corresponding point was 3,000 to 
4,000 cycles, and at 15,000 amperes it 
was about 10,000 cycles. 

Double-frequency transients demon- 
strated that the breaker performance 
varied gradually with the amplitudes of 
the two components. The limits were 
the two end conditions which occurred 
when either the higher-frequency or 
lower-frequency component was negli- 
gible. 


Magnetic Blowout Air 
Circuit Breaker 


During the development of a magnetic 
blowout air circuit breaker, tests were 
made in the high-power laboratory on 
single-phase circuits giving about 15,000 
amperes at four kilovolts to determine the 
effect of recovery voltages on the arcing 
time and voltage-interrupting ability. 
These values were near the maximum in- 
terrupting capacity of the breaker. By 
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Figure 8. Plain-break circuit breaker, 3,050 
volts, 6,000 amperes 


Effect of the amplitude of the higher-frequency 
component 
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ing the capacitance of the circuit, 


ond to 12 ,000 cycles per second were 
btained. For still lower transient re- 
overy voltages a resistor was connected 
cross the breaker to simulate a parallel 
esistive load. Some of the transient 
ecovery voltages obtained are repro- 
iuced i in Figure 12. 

The arcing time was less than one cycle 
nd independent of the transient recovery 
oltage. This indicated that the arc was 
nterrupted at the first current zero after 
t had reached a suitable location in the 
re chute. The arc voltage prior to in- 
erruption was relatively high and smooth. 
Phe lack of an extinction peak indicated 
hat there would be some conductivity in 
he arc space subsequent to the current 
ero, and this is further indicated by the 
ubsequent damping of the recovery 
ransients. The damping is very notice- 
ble on the circuits having high frequen- 
ies at which the current through the arc 
pace is comparable to the current into 
he capacitance. At the lower frequen- 
ies the damping is less pronounced, as 
he current into the capacitance is large 
vith respect to the current through the 
re space. 

How large this current into the parallel 
apacitance can become is illustrated in a 
triking manner in Figure 13. This is a 
ection of an oscillogram made on one of 
he tests at 4.4 kv, a little above the in- 
errupting ability of the breaker, and ona 
ircuit having a large parallel capacitance 
btained by connecting to it three large 
ower transformers. The natural fre- 
juency of the transient recovery voltage 
vas 4,000 cycles per second. Due to the 
igh test voltage, the arc continued to 


“De-ion grid” oil circuit breaker, 
7,620 volts, 5,350 amperes 


fect of natural frequency of transient recovery 
voltage 


igure 9. 


atural frequencies from 3,880 cycles per 


restrike, and traces of the natural fre- 
quency of the transient recovery voltage 
appear in the arc voltage. The transient 
at the time of restriking excited the reso- 
nant circuit and produced a sinusoidal 
current in it which modified the current 
through the circuit breaker sufficiently 
to produce a sinusoidal ripple on the arc 
voltage. 

With the transient recovery voltages of 
an oscillatory character, the breaker 
could interrupt about 4 kv regardless of 
frequency of the oscillation. By placing 
a resistor across the breaker to simulate a 
parallel resistive load, the breaker was 
able to interrupt 4.95 kv. Possibly the 
increase in the voltage was due to elimi- 
nation of the tendency of the transient 
recovery voltage to reach crest voltages 
in excess of the normal crest of the 60- 
cycle recovery voltage. 

This type of breaker, having a rela- 
tively high are voltage, appears to be 
sensitive to the crest value which may 
be reached by the transient recovery 
voltage, but the arcing time remained 
constant from 3,880 to 12,000 cycles per 
second. 


Compressed-Air Circuit Breakers 


The compressed-air circuit breaker was 
the fourth type to be included in this in- 
vestigation. One series of tests, made 
on a 15-kv 1,500,000-kva breaker with 
currents up to 36,000 amperes, showed 
that for circuit voltage-recovery rates of 
1,500 to 2,250 volts per microsecond, the 
arcing time was substantially constant 
and lasted only to the first current zero 
after the contacts had been separating 
for one-tenth cycle. This resulted from 
the ability of the breaker to interrupt 
currents in this range at the first current 
zero, after contact separation adequate 
to hold this voltage was reached. An- 
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other series of tests over the same range, 
but with higher recovery rates varying 
from 2,600 to 3,800 volts per micro- 
second, showed that the minimum con- 
tact separation at which are extinction 
could be accomplished varied with cur- 
rent. It corresponded to an arcing time 
of 0.35 cvcle at 6,000 amperes (the same 
as for the lower recovery rate), and to an 
arcing time of about one cycle at 36,000 
amperes, as shown by Figure 14. 

This increase in arcing time with cur- 
rent was not due to a corresponding in- 
crease in voltage-recovery rate. The in- 
creased arcing time was apparently asso- 
ciated with the increased difficulty of in- 
terrupting the heavier currents which 
have greater quantities of ionized gases 
and which approach current zero at higher 
rates. 

This is an important relation, since it 
indicates the nature of the mechanism by 
which arc extinction is brought about. 
It indicates that the arc column is being 
deionized, and that this process requires 
more time as the diameter of the arc (and 
its current) increases. If the arc extinc- 
tion were brought about by a breaking 
of the arc column and the separation of 
the two ionized sections of the arc, 
higher recovery-voltage rate, rather than 
higher current would require additional 
arcing time for the introduction of addi- 
tional arc splitters. 

These tests also show the sensitivity 
of the compressed-air circuit breaker to 
relatively low high-frequency compo- 
nents in the transient recovery voltage. 
At the maximum current setting and the 
lower recovery rate, 2,200 volts per micro- 
second, the transient was composed of a 
single component having a frequency of 
28,500 cycles per second. For the higher 
recovery rate, about 2,600 volts per mi- 
crosecond, the transient had two compo- 


Figure 10. “De-ion grid" oil circuit breaker 


Effect of the high-frequency component is 
roughly proportional to amplitude 
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HIGHER FREQUENCY 
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Figure 11. ‘‘De-ion grid’’ oil circuit breaker, 
7,620 volts, 15,000 amperes 


Cathode-ray oscillograms showing variation in 
high-frequency component 


nents with frequencies of 33,600 and 
about 190,000 cycles per second. The 
amplitude of the 190,000-cycle compo- 
nent was only about 25 per cent of the 
total amplitude of the transient, but as 
shown by Figure 14, it caused at least a 
half-cycle increase in arcing time, and the 
last breakdown occurred at approxi- 
mately the crest of this first peak of volt- 
age, about 45 per cent of the crest of the 60- 
cycle recovery voltage. 

The circuit transient recovery voltage 
on this setting, which would be based on 
zero arc voltage, would have a first crest 
of voltage about 57 per cent of the 60- 
cycle crest. This crest is below the 80 
per cent which has been used as an arbi- 
trary minimum voltage to be used in cal- 
culating circuit transient recovery volt- 
age rates and emphasizes that lower am- 
plitudes must be considered for some 
types of breakers. The circuit voltage- 
recovery rate to this first peak is approxi- 
mately 4,600 volts per microsecond and, 
in this case, would be a better criterion 
of the circuit severity than the 2,600 volts 
per microsecond based on the second peak 
at 120 per cent of the 60-cycle crest volt- 
age. 

Tests made on another breaker of simi- 
lar design, rated 15 kv 2,500,000 kva, 
supplemented the tests on the 1,500,000- 
kva breaker. 

Tests varying the natural frequency of 
the transient recovery voltage from 3,900 
to 200,000 cycles per second, and the cir- 
cuit voltage-recovery rate from 300 to 
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16% 


91% 


13,600 volts per microsecond were made 
at 8,000 amperes 13,200 volts. The arc- 
ing time was practically constant over the 
entire range, varying in minimum and 
maximum value by only one or two tenths 
of a cycle. 

The series of recovery voltage tran- 
sients obtained on these tests and shown 
in Figure 15 is particularly significant and 
interesting. They show that at the 
lower frequencies, the transient is almost 
unaffected by the conductivity of the 
arc space. With smaller parallel ca- 
pacitances, the charging current is less, 
and therefore the current through the 
breaker is relatively greater. The breaker 
current at moderate frequencies resulted 
in partial damping of the transient and 
finally at high frequencies became the con- 
trolling factor when the capacitance cur- 
rent became negligible with respect to it. 
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Other tests were carried up to 100,000 
amperes, and the oscillograms indicated 
that the larger the current interrupted, 
the lower the effective resistance of the 
arc space at the final current zero. The 
approximate relations are shown on 
Figure 16. These resistances permitted 
sufficient current to flow subsequent to’ 
the normal current zero to partially damp 
the recovery transients at the higher 
currents. 


Discussion 


These studies of four types of circuit 
breakers indicate certain points of simi- 
larity in their performance, even though 
the manner in which arc extinction is pro- 
duced within the interrupter differs con- 
siderably in detail between types. All of 
these types of breakers modify the tran- 
sient recovery voltages. The means by 
which this is accomplished is the same, 
but the range in which the modification 
begins to appear, and the range in which 
it overcomes completely the oscillating 
tendency of the circuit vary with the 
types of breakers and not necessarily in 
relation to their rated voltages and rated 
interrupting currents. 

All of the circuit breakers were tested 
over a sufficiently wide range to include 
both modified and unmodified transient 
recovery voltages. The modification was 
produced by the breaker when it passed a 
small current through the are space sub- 
sequent to the final normal current zero. 
This was evidenced by the transient re- 
covery voltage departing from the values 


Figure 12. Magnetic blowout air circuit 
breaker, 4 kv, 15,000 amperes 


Effect of natural frequency of transient re- 
covery voltage 
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igure 13. 
breaker, 4.4 kv, 16,500 amperes 


arge power transformers connected to the 

ime generator produced these oscillations in 

le arc voltage during an unsuccessful attempt 
to interrupt the circuit 


Magnetic blowout air circuit 


hich could be calculated for the circuit 
all conductivity of the are space was 
eglected. Also, the transient varied 
‘om test to test on the same circuit de- 
ending upon the conditions existing 
ithin the circuit breaker. The arc 
onductivity and rate of deionization are 
idicated roughly by the arc voltage 
rior to current zero. 

The conductivity of the are space at 
ne time of current zero varies with the 
urrent being interrupted. This con- 
uctivity is a function of the ionization 
uring the preceding half-cycle and the 
ite at which the space is being deionized. 
he ionization is produced by the current 
hich will approach zero at a rate ap- 
roximately a direct function of the rms 
urrent being interrupted. The residual 
mization will depend on how rapidly 
lese ions are removed. 

In circuit breakers which use the energy 
f the arc to produce the deionizing effect, 
ie rate of deionization might vary di- 
ctly with the rms current, with the re- 
iit that the right amount of deionizing 
‘tivity would be present for each current. 
he larger the rms current being inter- 
ipted, the greater the rate at which the 
irrent approaches zero and the stronger 
le deionizing effect. The production 
id effectiveness of the deionizing action 

probably never directly proportional 
the current. Published data have fre- 
1ently shown that breakers with self- 
erated deionizing action have shorter 
cing times at high currents than at low 
irrents. These shorter arcing times 
dicate that the deionizing activity pro- 
iced by the arc is relatively stronger at 

e high currents. 

Other breakers may have a deionizing 
tivity produced by some source which is 
tirely independent of the current to be 
terrupted. For example, a compressed- 
- breaker delivers a deionizing blast of 
+, determined by the design of the cir- 


OVEMBER 1942, VoL. 61 


0 10 20 
CURRENT INTERRUPTED~KILOAMPERES 


cuit breaker and independent of the cur- 
rent being interrupted. 

When very low values of current are 
interrupted, the deionizing activity may 
keep up with the current, and the con- 
ductivity at the current zero may be 
practically zero. Oscillograms made on 
various types of breakers show that even 
a short time before the normal zero in 
these low-current circuits, the arc may 
become unstable and extinguish suddenly, 
the current to the are space transferring 
at this time to the path through the paral- 
lel capacitance of the circuit and resulting 
in a rise in the voltage across the breaker 
at the beginning of the transient recovery 
voltage. The oscillograms also show that 
this phenomenon, which mathematically 
can reach enormous voltages, is still under 
the control ef the breaker, because, as the 
voltage rises, it cannot exceed the dielec- 
tric strength of the space between the 
contacts without the arc restriking. 
This dielectric strength, determined by 
ionization and contact separation, limits 
the voltages if an attempt is made to in- 
terrupt the current so early that the volt- 
age rise is rapid and high. Oscillograms 
of a large number of tests on several oil 
and air breakers have indicated that the 
maximum voltage obtained in this man- 
ner probably is not over three times the 
normal crest of the line to ground voltage. 


In other cases, the conductivity of the 
arc space may become zero as a current 
zero is reached, and the transient re- 
covery voltage takes place in a manner 
which can be explained entirely on the 
basis of the inductance, capacitance, and 
losses of the power circuit. This type of 
phenomenon which is generally assumed 
in calculations may occur only at low cur- 
rents, or it may extend even up to the 
rated interrupting current. In general, 
test data show that as the current is in- 
creased, the tendency for some of the 
ionization to remain at the time of cur- 
rent zero increases. From oscillograms 
made on the compressed-air circuit 
breaker, a curve was plotted to show 
qualitatively the relation between the 
equivalent resistance of the arc space at 
the time of current zero and the current 
which was being interrupted. Other 
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Figure 14. Compressed-air circuit breaker 
Arcing time as a function of current interrupted 


for two series of tests made with different 
transient recovery voltages 


types of breakers, including those having 
self-generated arc-extinguishing actions, 
have similar curves. 

The residual ionization, lasting for an 
appreciable time interval after the nor- 
mal current zero, acts as a variable re- 
sistor connected across the terminals of 
the circuit breaker. This residual ioni- 
zation or conducting path between the 
breaker contacts permits a current to 
flow through the breaker during the time 
of the transient recovery voltage. This 
current is a function of the equivalent 
resistance of the arc space and the voltage 
impressed acrossit. It probably has only 
a very low current density in this space, 
and the deionizing activity can remove 
more ions than it produces. Calculations 
based on the voltage records and knowl- 
edge of the circuit characteristics have 
indicated that currents up to approxi- 
mately 80 amperes have been carried 
through the arc space of breakers without 
the actual formation of an arc. The 
maximum value of current which can 
flow during this period without producing 
an are probably depends upon the pre- 
vious current and upon the design of the 
interrupter. 

The actual value of current which 
flows through the are space during the 
transient is, of course, very small with 
respect to the short-circuit current. In 
fact, it is too small to be indicated on a 
normal magnetic oscillogram of the in- 
terruption of a short circuit. It flows for 
only a part of the time consumed by the 
transient recovery voltage and is de- 
tected by its influence on it. 

The significance of this small current 
lies in its magnitude with respect to the 
charging current which flows into the 
capacitance in parallel with the breaker. 
This capacitance can vary within wide 
limits. Its minimum value corresponds 
to the capacitance to ground of one ter- 
minal of a circuit breaker, a few feet of 
conductor, and one end of a reactor. 
Consequently, this current too can be 
very small. With about 200 micro- 
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Figure 15. Compressed-air circuit breaker, 
13,200 volts, 8,000 amperes 


Cathode-ray oscillograms showing the effect 
of the natural frequency of the transient re- 
covery voltage 


microfarads, 200,000 cycles per second, 
and 7,600 volts rms to ground, it would 
be about two amperes. When the current 
through the breaker becomes comparable 
with the capacitance current, either by 
the increase of the one or the decrease of 
the other, it begins to exert a damping 
influence on the transient recovery volt- 
age and, when large enough, critically 
damps the transient. For still larger 
currents through the arc path, the small 
current flowing into the capacitance be- 
comes negligible, and the transient re- 
covery voltage rises as though it were the 
voltage appearing across the resistance 
in a simple circuit containing resistance 
and inductance in series. As these values 
of resistance current and capacitive cur- 
tent are relative, the same results can be 
obtained by reducing the capacitance 
and thereby the capacitive current until 
such a point is reached that the current 
through the arc space is greater than the 
current through the parallel capacitance. 
These relations were demonstrated by 
these tests. 

The testing of circuit breakers carried 
on in high-power laboratories at genera- 
tor voltage can approximate closely the 
conditions under which the circuit breaker 
is to be used in service. The effects, if 
any, of differences in frequencies of the 
transients can sometimes be evaluated 
by a study of the test data to give a defi- 
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nite indication of the manner in which 
the breaker will perform in service. 

The tests on the plain-break circuit 
showed that at very low values of natural 
frequency the recovery voltages were un- 
damped. At higher natural frequencies 
damping of the transient recovery volt- 
age appeared, and after a point of critical 
damping had been reached, further in- 
crease in the natural frequency of the 
transient recovery voltage resulted in no 
appreciable change in the actual voltage 
appearing across the circuit-breaker con- 
tacts. This was produced by the effect 
of the currents through the circuit breaker 
subsequent to the current zero. This 
current passing through the breaker was 
so large with respect to the current flow- 
ing into the parallel capacitance of the 
circuit that it controlled the transient 
recovery voltage, making it approach 
an exponential curve. After the point of 
critical damping was reached, further 
reduction in the capacitance across the 
terminals of the circuit breaker did not 
result in further increase in the severity 
of the duty on the circuit breaker. This 
was carried over a wide range above the 
critical damping without producing any 
appreciable change in these transients 
(Figure 5). 

A similar set of cathode-ray oscillo- 
grams was obtained on the compressed- 
air circuit breaker, operating at a different 
current and voltage (Figure 15). 

These data demonstrate that if a cir- 
cuit breaker can successfully interrupt 
a given voltage and current and critically 
damp the transient recovery voltage, it 
can interrupt any other circuit having 
the same voltage and current and less 
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parallel capacitance without any in 
crease in the severity of the duty on th 
breaker. 


Conclusions 


These tests supplement each other t 
give a picture of the phenomena of ar 
interruption by high-power circuit break 
ers. They show that the interruption 
brought about by air or oil breakers ar 
similar in characteristics. In circuit 
having a low natural frequency, the re 
covery of the dielectric strength of th 
arc space proceeds with negligible in 
fluence exerted upon it by the slowh 
rising transient recovery voltage. Thi 
maximum value of the dielectric strength 
depends upon the distance between th 
contacts and the condition of the fluid o: 
fluids filling the space. Above certait 
values of current and natural frequency 
depending on the design of the breaker 
the transient recovery voltage is im 
pressed on the arc space while consider 
able ionization still remains. Conse 
quently, a small current flows throug 
this space, thereby hindering further de 
ionization and modifying the transien 
recovery voltage. For very high natura 
frequencies this current may exceed the 
parallel current through the capacitance 
across the breaker and may control thi 
transient recovery voltage. If the dis 
charge current becomes too high, it de 
velops into an are which conducts cur 
rent till the next normal current zero 
The values of voltage, current, and natu 
ral frequency at which these phenomenz 
occur vary with the designs of the break 
ers and not in proportion to their ratec 
interrupting capacities. 

The difficulty of circuit interruptio1 
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Figure 16. Compressed-air circuit break 
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oes not increase indefinitely with in- 
crease in the natural frequency of the 
circuit. The speed with which the cir- 
cuit tends to apply the transient recovery 
voltage to the circuit breaker varies di- 
Tectly with the natural frequency. How- 
ever, if the current passed through the 
arc space is greater than the current 
through the capacitance across the 
breaker, further decrease in the capaci- 
tance does not materially increase the 
actual rate at which the voltage appears 
across the contacts and, consequently, 
does not make the circuit more difficult 
to interrupt. 

The maximum arcing times on these 

_ tests were reached with transient recovery 
voltages having natural frequencies which 
were not heavily damped by the conduc- 
tivity. 

The tests indicate that the effect of the 
high-frequency component of a two-fre- 
‘quency transient voltage varies almost in 
proportion to the amplitude of the com- 
ponent. The effect is negligible when 
both frequencies tend to produce the 
same arcing time. 

_ The transient recovery voltages ob- 
tained on high-voltage circuits energized 
through transformers can be equalled in 
high-power laboratories within the range 
of voltages and currents available. The 
laboratory circuits closely approximate 
the severe service conditions as the leads 
between the transformers and breakers 
are short. The lead capacitance is small 
with respect to the transformer capaci- 
tance, and, consequently, small varia- 
tions in it are not significant. 

At generator voltages, the reactors in 
the laboratory circuits have natural fre- 
quencies which are sufficiently high to 
produce the maximum arcing times in 
circuit breakers. 

The plain-break oil circuit breaker at 
3,800 volts 2,600 amperes did not in- 
crease in arcing time for natural fre- 
quencies above about 2,000 cycles per 
second. Similar points were found for 
the “De-ion grid” oil breaker, 250 cycles 
per second for 2,800 amperes, 7,620 volts, 
3,000 to 4,000 cycles per second for 5,200 
amperes, and 10,000 cycles per second for 
15,000 amperes. The compressed-air 
breaker operating at 8,000 amperes 
13,200 volts had the same arcing time for 
natural frequencies from 3,900 to 200,000 
cycles per second, but at higher currents 
arcing times increased when the natural 
frequency was over 30,000 cycles per 
second. The lowest frequency at which 
the maximum arcing could be reached 
was not determined, but on a laboratory 
circuit a natural frequency of about 
190,000 cycles was heavily damped, in- 
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Relative Expense for Service Restoration 
With Different Types of Overcurrent 


Protection for Distribution Circuits 
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a hase combination of line sectionalizing 
in the main feeder, individual pro- 
tection at branch-line junctions, and re- 
closing relays and breakers at the sub- 
station has been shown to provide a cumu- 
lative reduction in consumer minutes out- 
age (minutes of outage per consumer per 
year) that no one of the methods can pro- 
vide alone.! Branch protection proved to 
be of greater value than line sectionalizing, 


However, in order to be of any real 
assistance in efficient system planning, 
such knowledge of the ways and means to 
improve service continuity must be com- 
bined with an understanding of the ex- 
pense involved in restoring service for all 
combinations and types of protective 
equipment that are available. Such “‘res- 
toration expense’’ involves the man-hours 
required to locate the fault, to make any 
necessary repairs on the line, and to re- 
store service, and involves also the auto- 
motive miles which must be traveled in 
doing it. Naturally, initial costs must be 
included for an over-all consideration of 
the economics of overcurrent protection. 


Calculations and Presentation of 
Data 


Separate studies were made on two dif- 
ferent setups of the distribution lines, 
namely, one for branch protection, as in 


C. R. CRAIG 
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Figure 1, and another for line sectionaliz- 
ing with protective devices connected in 
series as in Figure 2, The assumptions in 
the appendix are basically identical with 
those used in the previous study for the 
calculation of consumer minutes outage." 
The minor changes involve interpreta- 
tions as to what portion of this outage 
time is for location, repair, and restora- 
tion of service, and where automotive 
mileage is required. Thus, it is possible 
to correlate directly the service outage 
value of different combinations and types 
of protective equipment from the previous 
study! with the values now being pre- 
sented for the “restoration time’’ and the 
automotive miles traveled. 

The following special terms are used 
throughout the paper: 
“Restoration time’ is the minutes per year 
spent by the trouble crew for all faults frem 
the instant of notification of an interruption 


in service until all necessary repairs are 
made and service is restored. 


“Automotive mileage’ is the miles traveled 
by the trouble crew in performing the duties 
listed under ‘‘restoration time.” 


Paper 42-129, recommended by the AIEE com- 
mittees on power transmission and distribution and 
protective devices for presentation at the AIEE 
summer convention, Chicago, IIl., June 22-26, 
1942. Manuscript submitted April 21, 1942; made 
available for printing May 22, 1942. 


G. F. Lincxs, electrical designing engineer, and 
C. R. Craic are both with the distribution fuse 
cutout section of General Electric Company in 
Pittsfield, Mass. 


dicating that the maximum arcing time 
had been obtained. 
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Figure 1. 
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Branches 
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| SECTION 30 MILES 


U | SECTIONALIZING POINT 


2SECTIONS I5 MILES EACH 


U 2 SECTIONALIZING POINTS . 


3SECTIONS 10 MILES EACH 


U 3 SECTIONALIZING POINTS 


4 SECTIONS’ 7.5 MILES EACH 


U 4 SECTIONALIZING POINTS 


5 SECTIONS 6 MILES EACH 


U 5S SECTIONALIZING POINTS 


6 SECTIONS 5 MILES EACH 


U 6 SECTIONALIZING POINTS 


7 SECTIONS 4.286 MILES EACH 
Figure 2. Line sectionalizing with protective 
devices connected in series on 30-mile line 


“ Restoration expense’’ is the total expense for 
“restoration time’ and automotive mileage. 


The ‘‘yardstick”’ is either the “restoration 
time’’ in minutes per year or the automotive 
mileage per year caused by “permanent 
faults alone’ with no automatic or manual 
line sectionalizing and no branch protection. 


Using the assumptions in appendix A, 
calculations were made to determine the 
“restoration time’? and the automotive 
mileage traveled for each system setup, 
and the values are given as a percentage 
of the “yardstick’”’ on the curves, Fig- 
ures 5 to 12 inclusive, that is: 


Actual calculated values for 
specific system setup* 


“the yardstick”’* 


Per cent - 100 


By making comparisons in terms of this 
percentage, we eliminate to some extent 
the effect of departures of actual prac- 
tice from the assumptions employed in 
the study. Wherever such departures 
might affect the calculations, an attempt 
was made to be conservative in showing 


* The calculated values and the ‘‘yardstick’’ may 
be in terms of either ‘‘restoration time’ in minutes 
per year or automotive mileage traveled per year. 
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benefits for line sectionalizing or branch 
protection with the less costly line protec- 
tive devices. 

Known first costs are brought into the 
picture to determine the length of time 
required to liquidate any increased initial 
costs for equipment which provides sav- 
ings in ‘‘restoration expense,” as in Fig- 
ure 3. (See also appendix B.) 


The Curves 


The data are given in curve form show- 
ing the percentage of the “yardstick” for 
varying arrangements of line protection. 
Figures 5 to 10 inclusive are for branch 
protection, and Figures 11 and 12 are for 
line sectionahzing with a number of pro- 
tective devices connected in series. 
While these data may not fit a specific 
circuit exactly, they should be sufficiently 
close to be usable in planning the over- 
current protection on practically all dis- 
tribution systems. 


Actual Values for ‘‘Yardstick”’ 
Affect Comparisons 


In addition to comparing the percent- 
ages given on the curves, it is important 
to consider also the value of the ‘“‘yard- 
stick” and the calculated values for 
specific cases in terms of the actual “‘res- 
toration time” in minutes per year or the 
automotive mileage per year. Since we 


Lincks, Craig—Expense for Service Restoration 


Maa 
2/40 nn 
eit Ree 
ne sat SLES 


Be 
EE TCA 
LE TATA 
Sine cane Lam 
imac an 


85 75 65 SO 25 
% TEMPORARY FAULTS 


Curves 
cost 
‘Yestoration 


Figure 3. 
showing 
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PROTECTION 


EQUIPMENT to liquidate relative 


tective equipment 


Automotive mileage 
not included 


Symbols defined in 
Figure 6 


Column A. Curves 
for _ sectionalizing 
equipment show rel- 
ative cost of making 
savings in ‘ restora- 
tion time’ over that 
required with single- 
element fuse cutouts 


Column B. Curves 
for different combi- 
nations of equipment 
affording approxi- 
mately equal service 
continuity show cost 
of saving in ‘ ‘restora- 


tion time’ where 
W | made by higher cost 
IS equipment. *Such 
savings not made 
85.75 655025 
where curves not 
extended 


Compare curve 1 with 2 


Curve 1 for three resetting reclosers at sec- 
tionalizing points with 
branches. Curves 2-8 for two-element re- 
closing cutouts, three at branches, five at 
sectionalizing points 
Compare curves 3 and 4 with 5 (line section- 
alizing only) 

Curves 3 and 4 for three three-element reclos- 
ing cutouts three and one-phase circuits 
respectively 
Curve 5 for five two-element reclosing cut- 
outs one- or three-phase circuits 


Column C. Curves for branch protection 
show the relative cost of savings in ‘‘restora- 
tion time’’.secured with different types and 
combinations of equipment 
Observe that the cost of all reclosing equip- 
ment increases at a higher rate than the de- 
crease in ‘restoration time’ they provide 


have assumed a constant number of total 
faults, the “‘yardstick,”’ which is based on 
“permanent faults alone,” is obviously 
lowest with 85 per cent temporary faults. 
It increases to a maximum at the 25 per 
cent temporary faults as shown in Table 
I. These values would increase or de- 
crease respectively if extended’ beyond the 
25 to 85 per cent range that was studied. 
Much greater ‘‘restoration time,” auto- 
motive mileage, and consumer minutes 
outage are required to locate, repair, and 
restore service with a permanent fault 
than just to restore service with a tem- 
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per. 


time" saved per year 


three unprotected 


initial costs of pro- 


porary faults becomes greater, the 
toration time,” automotive mileage, 
nd consumer minutes outage caused by 
quipment opening on temporary faults 
ncreases less than the decrease in these 
values as caused by permanent faults, 
3ecause of this relationship, the calcu- 
ed actual “‘restoration time” and auto- 
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igure 4. Conversion curves for determining 
‘yardstick’’ with different lengths of feeder 
and total length of branches 


How to use data: 


|. Determine the multiplying factor 


1). For the proper length of the feeder 
9). For the total length of all the branches 


2 Multiply the “‘yardstick’’ in Table | by 
the multiplying factor for the feeder 


3. Multiply the corrected “‘yardstick’’ deter- 
jined in item 2 by the multiplying factor for the 
branches 


Ybserve that the “‘yardstick’’ is increased more 
yy adding mileage to branches than by in- 
creasing the length of the feeder 


notive mileage for 25 per cent temporary 
aults are greater than that for 85 per 
ent temporary faults. This relationship 
; reversed when the calculated values are 
iven as a percentage of the “‘yardstick” 
s on the curves, Figures 5 to 12 inclusive. 
“his shift in relationship is important 
shen evaluating the benefits secured by 
he use of the more effective device which 
sally costs more (see Figure 3). 
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Some Protective Devices Can Be 
Connected in Series in Greater 
Numbers Than Others | 


More two-element than three-element 
reclosing fuse cutouts can be connected in 
series and co-ordinated to provide about 
equal improvement in service continuity. 
Figures 11 and 12 indicate that the use of 
a greater number of two-element than 
three-element cutouts may increase the 
normal differences in “restoration ex- 
pense”’ for these two devices at the higher 
percentages of temporary faults. How- 


Figure 5. ‘Restora- 


tion time" for pro- 
tected one mile 
branches employing 
nonreclosing or re- 


Observe that a sav- 
ing is made for all 
but  single-element 
fuse cutouts when 
used with nonreclos- 
ing substation break- 
ers at 85 per cent 
temporary faults 


closing substation 
breakers and all avail- 
able types of branch te i 
protective equip- | il 
ment #0 a =< 
P \\ 
Symbols defined in N \ 
Figure 6 Sah [ 
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ever, when the difference in the initial 
costs of these two types of cutout is 
divided by the savings in ‘‘restoration ex- 
pense,” it shows that the cost per hour of 
“restoration time’’ saved per year by 
the use of the three-element design would 
be quite high, especially for three-phase 
circuits. For example, the use of two- 
element cutouts at five sectionalizing 
points and three-element cutouts at three 
sectionalizing points provides approxi- 
mately the same service continuity. A 
comparison of these, as in Figure 3 (col- 
umn B, curves 3, 4, and 5) indicates that 
from 6 to 13 years might be required to 
liquidate the extra cost of three three- 
element cutouts per phase on a three- 
phase 30-mile circuit, with a wage rate of 
one dollar per hour per man for a two- 
man crew. 

A similar comparison is made in Figure 
3 (column B, curves 1 and 2) to show the 
effect of the limitations in co-ordinating 
automatic resetting reclosers with fuses 
at branch junctions or at transformers. 
The use of three two-element cutouts to 
protect three branches added to a line 
sectionalized with the five two-element 
cutouts provides at least equal service 
continuity to that provided by three re- 
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closers at sectionalizing points on the same 
line with the three branches unprotected. 
With 85 and 75 per cent temporary faults 
Figure 3 indicates that from 11 to 20 
years respectively will be required to 
liquidate the additional cost of the re- 
closers with a wage rate of one dollar per 
hour per man for a two-man crew. With 
65 and lower percentages of temporary 
faults the use of the two-element reclosing 
cutouts in the branches makes possible 
lower ‘‘restoration time’”’ as well as a lower 
initial cost and a slight improvement in 
service continuity. 
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Effect of Nonreclosing and Reclosing 
Substation Equipment 


With no line sectionalizing or branch 
protection, ‘‘permanent faults alone” are 
the only cause for sending out the trouble 
crew. The restoration of service after a 
temporary fault by manual or automatic 
reclosing of the substation breaker in- 
volves only the station attendant and 
thus the type of equipment employed has 
no effect on the “restoration time’’ or 
automotive mileage. 


Combining Branch Protection and 
Line Sectionalizing 


The cumulative effect on “restoration 
time’’ and automotive mileage of combin- 
ing the protection of a number of short 
branches with line sectionalizing can be 
approximated from the data on the curves, 
Figures 5 to 12 inclusive. See appendix C 
for description of how to do this. 

Where the circuit consists of two or 
more long branches, each branch should 
be studied separately from the standpoint 
of line sectionalizing and branch protec- 
tion. Then the cumulative effect should 
be determined by adding or subtracting 
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the percentages as described in appendix 


C; 


For Reclosers Which Do Not Reset 
Automatically 


The conclusions drawn and the data 
in the curves for reclosing fuse cutouts 
apply to any type of apparatus with an 
equal number of reclosers and without 
the feature of automatically resetting 
after clearing a temporary fault. 


Conclusions 


Some general conclusions can be drawn 
from the study, although it is anticipated 
that the data will prove even more help- 
ful in system planning when applied to the 
problems of specific circuits. 


SUBSTATION EQUIPMENT 


1. The substitution of reclosing for non- 
reclosing breakers at the substation, while 
improving service continuity, has no effect 
on the “restoration time’’ or automotive 
mileage (unless the substation attendant’s 
time to manually reclose the breaker is 
classed as “‘restoration time’’). 


2. Overlapping the substation reclosing 
protection with all line protective devices 
provides a major reduction in ‘‘restoration 
time’’ and automotive mileage. It is quite 
effective when combined with branch pro- 
tective devices. (With such overlapping 
the breaker trips and recloses once without 
the branch or line protective device opening 
for all faults out to the ends of the line, and 
then the relay provides time delay so that 
the branch or line-sectionalizing protective 
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Figure 6 (left). ‘‘Restoration time” for pro- 

tected five-mile branches employing all avail- 

able types of substation and branch protective 
equipment 


B=Nonreclosing or reclosing breaker at 
substation 


OB=Overlapping reclosing breaker at sub- 

station, set for instantaneous tripping on first 

opening with all types of line protective 

equipment delayed to open only ahead of 
second opening of breaker 


1 =Single-element fuse 
2=Two-element reclosing fuse 
3=Three-element reclosing fuse 
R=Automatic resetting recloser 


P=Permanent faults alone—all temporary 
faults cleared with only a momentary outage 


(These are combined to show type of sub- 
station and line equipment employed) 


Observe: 


1. The major reduction in “restoration time” 
for “‘permanent faults alone’ with the 
branches protected 


2. The comparatively small increase in “‘res- 
toration time’ for outages caused by equip- 
ment opening on temporary faults 


3. Single-element fuses provide the major 
portion of the reduction obtainable except at 
85 per cent temporary faults 


device disconnects the faulted portion of the 
circuit ahead of the second tripping of the 
relay.) 


3. Such dverlapping protection of the en- 
tire line is the most economical of all system 
setups providing automatic reclosing, when 
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Figure 7. ‘‘Restoration time” for protected 

ten-mile branches employing all available 

types of substation and branch protective 
equipments 


Symbols defined in Figure 6 


Observe that the reduction in “‘restoration 

time’ is greater with ten- than with five-mile 

branches with all other relationships being 
proportionally the same 


both “‘restoration expense’’ and initial costs 
are considered. 


4. Where such overlapping protection as 
in paragraph 2 reaches only part way out on 
the line, the decrease in “‘restoration time’’ 
and automotive mileage over a nonreclosing 
or reclosing breaker is only approximately 
one quarter of the decrease provided by 
overlapping the whole line. 


BRANCH PROTECTION REDUCES MAIN- 


TENANCE 
1. Overcurrent protection of individual] 
branches generally reduces “restoration 


time’? and automotive mileage, even with 
short branches. The exceptions are with 
only a few or very short branches at high 
percentages of temporary faults where the 
actual number of minutes and miles are 
small (see Figures 5 to 10 inclusive). 


2. The length of the branch has a major 
effect on the “restoration time’’ and auto- 
motive mileage. 


3. Overcurrent protection of individual 
branches provides less reduction in terms of 
actual “restoration time’? and automotive 
mileage at higher percentages of temporary 
faults than at the lower percentages. 


4. The savings in “restoration expense’ 
with branch protection are less likely te 
liquidate the initial cost of all types of over. 
current protective equipment at higher 
percentages of temporary faults than at 
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Figure 8. Auto- 
motive mileage for 
protection of one- 
mile branches em- 
ploying nonreclos- 
ing or reclosing sub- 
station breaker and 
all available types of 
branch _ protective 
equipment 


Symbols defined in 
Figure 6 


Observe that the 
saving in automotive 
mileage for “‘per- 
manent faults alone” 
is greater than the 
saving in ‘“‘restora- 
tion time” (Figure 5). 
Also that the effect 
of outages caused by 
temporary faults is 


Figure 9 (below). Automotive mileage for 
protected five-mile branches employing all 
available types of substation and branch pro- 


greater. However, 

the actual values for the “yardstick” in terms 

of automotive mileage is much less than for 
“restoration time” 


tective equipment 


the lower percentages, where the protective 
orbs of the substation relay and breaker 
includes the whole line. 


5. Single-element fusing of branches, five 
miles and longer, is the most effective in 
saving sufficient “restoration time’ and 
automotive mileage to liquidate the initial 
investment. Only a few years are required 
because of the comparative low first cost to 
the savings effected. For example, with 
30 miles of single-phase branches on a 30- 
mile feeder and a wage rate of one dollar 
per hour per man for a two-man trouble 
crew, the liquidation would be effected in 
about 1 to 2.5 years. The exception is 
with 85 per cent temporary faults where the 
actual minutes and miles saved are too small 
to offset the initial cost of even single-ele- 
ment cutouts within a reasonable time. 


6. Two and three-element reclosing fuse 
cutouts and automatic resetting reclosers 
provide reductions in “‘restoration time” and 
automotive mileage which are worthy of 
consideration. However, this saving is not 
proportionate with the increase in initial 
costs over that for single-element fuse cut- 
outs. 


7. Reclosing breakers at the substation 
which overlap single-element fuses at a num- 


Figure 10. Automotive mileage for protected ten-mile branches employing all available 


Symbols defined in Figure 6 


Observe the same greater reduction in auto- 

motive mileage for “permanent faults alone” 

and the effect of outages caused by temporary 
faults as observed in Figure 8 
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types of substation and branch protective equipment 


Symbols defined in Figure 6 


Observe that the reduction in automotive mileage is greater than with one- and five-mile 
branches (Figures 8 and 9), and that the effect of outages due to temporary faults is pro- 
portionately greater, especially at the higher percentages of temporary faults 
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Figure 11. ‘Restoration time” with line sec- Figure 12. Auto- 5 
tionalizing employing all available types of — motive mileage with : ; 
substation and line overcurrent protective line sectionalizing = 240 
equipment employing all avail- < 
= 3% 220 
1/.OB=overlapping reclosing breaker at sub- ate eesti =i = 
station, protection for only half of line aeons 5 
Me current _ protective 200 
Other symbols defined in Figure 6 eaciomen: 
Observe: cae 
1 — . 

1. The “restoration time’ as caused by pee costs 
“permanent faults alone’ is reduced only eet rea i a ae 
slightly by line sectionalizing See eon at Pte ss 

tion for only half of 

2. The effect of outages caused by de- ne 46 
vices opening on temporary faults is greater 

than with branch sectionalizing Other symbols de- es 
3. Therefore, line sectionalizing generally fined in Figure 6 

increases ‘restoration time’ Observe: 100 

: 02416 

(This increase amounts to only about ten 1. The automotive 
hours per year with single-element fuses at mileage even for 
85 per cent temporary faults on a 30-mile “permanent faults 


feeder) 


ber of branch junctions provide more say- 
ings in ‘‘restoration time’ and automotive 
mileage than three-element cutouts with 
reclosing breakers. This combination is 
almost as effective as single-element fusing 
of branches without overlapping protection 
in having the savings in ‘‘restoration time”’ 
offset the initial costs, at 75 and lower per- 
centages of temporary faults, and is more 
effective at 85 per cent. 


8. Consideration of the economic value of 
reducing the percentage of temporary faults 
appears to be justified. Sucha reduction for 
the line as a whole might be obtained by the 
use of reclosing devices on a branch or 
branches having a much higher percentage 
of temporary faults than the line as a whole. 


AUTOMATIC LINE SECTIONALIZING 


1. Automatic sectionalizing of the main 
feeder (and long branches treated as feeders) 
with protective devices connected in series 
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alone’ is increased by line sectionalizing 


2. As with branch protection, the effect of 
outages caused by temporary faults is greater 
than with “restoration time’ (Figure 8) 


generally increases ‘‘restoration time’’ and 
automotive mileage and thus must be justi- 
fied by the savings in revenue and the im- 
provement in customer good will resulting 
from the better service continuity. How- 
ever, the automatic resetting reclosers re- 
duce “restoration time’’ and automotive 
mileage, as do two and three-element re- 
closing fuse cutouts at 50 per cent temporary 
faults and lower, and reclosing breakers 
which overlap single-element and reclosing 
cutouts at 65 per cent and lower (see 
Figures 11 and 12). 


2. The increase in actual “restoration 
time’’ and automotive mileage even with 
single-element fuse cutouts generally is 
comparatively small. 
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3. Automatic sectionalizing with single- 
element cutouts requires the most additional 
“restoration time’ and automotive mileage 
but at a minimum over-all cost, see Figure 3, 
column 1. Therefore, sectionalizing with 
single-element cutouts may be justified 
economically in many instances. 


4. Overlapping reclosing substation break- 
ers combined with single-element fusing at 
sectionalizing points requires less additional 
“restoration time’’ and automotive mileage 
than sectionalizing with three-element re- 
closing cutouts and with a lower total first 
cost. This is especially true on three-phase 
circuits. (Only the additional equipment 
for the special relaying was considered neces- 
sary at the substation.) 


5. Sectionalizing with automatic reclosing 
equipment provides a greater reduction in 
“restoration time” and automotive mileage 
compared to single-element cutouts than 
when the comparison is made with branch 
protection. However, as in the case with 
branch protection, the reduction in “restora- 
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«hes ee ee 7 
time” and automotive mileage is not 
portional with the increase in initial 
t except possibly on lines appreciably 
er than 30 miles. | 


NCH PROTECTION AND LINE Src- 
-TIONALIZING SHOULD BE ComBINED 


The cumulative benefit obtained by 
sombining branch protection and line sec- 


e” and automotive mileage. 


AL LINE SECTIONALIZING 


. Manual line sectionalizing generally is 
smployed where automatic protection has 
jot been adopted. With manual sec- 
ionalizing ‘“‘restoration time,” automotive 
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the percentage of temporary faults, espe 
cially in the range above 75 per cent. 


2. If the percentage of temporary faults is 
decreased, less costly equipment generally 
will provide equal or better service continu- 
ity with lower “restoration time” and auto- 
motive mileage. 


3. A reduction in the percentage and thus 
the number of temporary faults on a specific 
system lowers the total number of faults 
and provides greater reductions in “restora- 
tion time’’ and automotive mileage than is 
shown in this study, where the total number 
of faults remain constant. 


Use of Data for Continuing 
Expansion of Knowledge 


Although over-all values of combining 
branch protection, line sectionalizing, and 
reclosing relaying at the substation as pre- 
sented are based on a set of rigid assump- 


fable I. Actual Calculated Values® for ‘Yardsticks"’ for Feeder Without any Branchest or 
; Manual Line Sectionalizing 
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Values Decrease as the Percentage of Temporary Faults Increases 


25 
Units in Which Calculated Actual 
Values Are Expressed 


‘onsumer minutes outage per year......... 2,137.5 
Restoration time’’ in minutes per year... ... 2,137.5 


kutomotive mileage per year............... 


) The values in this tabulation are based on a 30-mile feeder. 


Per Cent Temporary Faults 


50 65 75 85 


Actual Values for Permanent Faults Alone* 
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To convert the values for longer or shorter 


eeders, use the multiplying factors as determined in Figure 4. 


These actual values will not apply exactly to any system, but the relationship shown should apply about 
roportionally. To determine actual ‘‘restoration time’’ and automotive mileage for any system setup, 
aultiply the ‘‘yardstick’’ by the percentage for that setup as given on curves 5 to 12 inclusive. ¢ 


The values in this tabulation do not apply directly to feeders with branches. 


Corrections can be made by 


se of the multiplying factors for the total length of all branches as determined from Figure 4. 


nileage, and consumer minutes outage are 
aused by ‘‘permanent faults alone” and 
hus are the same percentages of the 
yardstick” at all percentages of tem- 
rary faults. Therefore, automatic sec- 
ionalizing and branch protection, which 
nay cause outages on all or some tem- 
orary faults, are less likely to be justi- 
ed over manual sectionalizing at the 
igher percentage of temporary faults 
above 75 per cent) than is indicated when 
ompared with the ‘‘yardstick.” This is 
specially true on a feeder with relatively 
yng branches where manual sectionaliz- 
ig eliminates traveling out and back on 
number of the branches in search of the 
ult. 


OWERING OF THE PERCENTAGE OF TEM- 
PORARY FavuLTs SHOULD BE CON- 
SIDERED 

_ Since outages caused by temporary 

ults make all types of equipment less effi- 

ent in attaining the minimum values for 


permanent faults alone,” consideration 
10uld be given to the economics of reducing 
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tions, these data should facilitate more 
efficient planning of overcurrent protec- 
tion on specific systems. It is hoped that 
these data will be extended, or if neces- 
sary, modified as the result of operating 
records secured in actual practice. 


Appendix A. Assumptions Em- 
ployed in Mathematical Study 


The same general assumptions employed 
in the study to determine the relative value 
of different types of overcurrent protection 
for distribution circuits in terms of service 
continuity! were used in continuing the 
mathematical study to check the effect on 
“restoration expense.’’ All of the assump- 
tions pertinent to the present study are 
tabulated below: 


1. The Distribution Lines Studied (Length 
of Lines) 


(a). Inone part of the study one to six unprotected 
and protected branches, each one, five, or ten miles 
in length, were added at the mid-point of an un- 
sectionalized 30-mile main feeder, increasing the 
total length of line, as in Figure 1. (The greater 
total length will increase the actual ‘‘restoration 
time’’ and automotive miles, but when these are 
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expressed as a percentage of the ‘‘yardstick"’ (for 
“permanent faults alone’’ without branch protec- 
tion), the effect of the lengthis cancelled. Thus the 
percentage shown on curves of Figures 5 to 10 in- 
clusive for any system setup can be applied to any 
length of line or branches, if the ‘‘yardstick” is 
modified as directed in Figure 4, Connecting the 
branches at the mid-point provided an average for 
an even spacing of the branches along the feeder.) 


(b). In the other part of the study, a 30-mile main 
feeder was broken up into from one to seven sections 
by zero to six overcurrent protective sectionalizing 
devices connected in series as in Figure 2. 


2. Equipment Employed. Both stud- 
ies included checking comparative results 
with overcurrent protection provided by: 


(a). Substation breakers actuated by nonreclosing 
or automatic reclosing relays, and automatic reclos- 
ing relays which overlap all branch and line protec- 
tive equipment so that the breaker trips and recloses 
once without the branch or line devices opening, 
and then provides time delay before the second 
tripping of the relay on more persistent faults; 
each combined with 


(b). Sectionalizing or branch-line protection with 
single-element or two and three-element reclosing 
fuse cutouts or reclosers which reset automatically 
after clearing a temporary fault. 


3. Number and Type of Faults. One 
fault per mile per year uniformly distributed 
with temporary faults equaling 25, 50, 65, 
75, and 85 per cent of the total. (One 
fault per mile is probably somewhat high. 
Any lower value might have been used 
without changing the percentages used for 
comparison but would decrease the values 
for the ‘‘yardstick” in Table I and would 
change the values in Figure 3—decreasing 
these values for cost of ‘‘restoration’”’ with 
line sectionalizing in column A and increas- 
ing the values for the cost to secure the 
savings with branch protection in column 


@): 


4. Attended Substation. No “restora- 
tion time’’ was included for the substation 


attendant to close the station breaker or to 


notify the trouble crew. (‘Restoration 
time’? for temporary faults was zero, re- 
gardless of whether service was restored by 
manual or automatic reclosing of the station 
breaker. Thus, there is no difference in 
man-hours of ‘‘restoration time’’ or auto- 
motive mileage for nonreclosing or reclosing 
relays and breakers.) 


5. Trouble Crew. Consisted of one 
man who was always available at the sub- 
station to start instantly with no time al- 
lowed for notification or preparation. (More 
often the crew consists of two men to meet 
safety requirements, but any multiple of 
one will have no effect on the percentages 
used in the presentation of the data. The 
actual “restoration time’ in Table I can be 
multiplied by the exact number in the crew 
if over one, to make the values comparable 
with the utility’s actual practice, see also 
the directions on Figure 3. Also, the crew 
is more likely to be out on the system, some- 
times closer to and sometimes farther from 
the fault location, so that this assumption 
provided an average.) 


6. Time to Locate Fault, Make Neces- 
sary Repairs, and Restore Service. The 
trouble crew: 


A. With no branch protection or line 
sectionalizing (All temporary faults cleared 
when breaker locks open. Service restored 
by station attendant. Trouble crew re- 
quired for ‘(permanent faults only.”’) 


(a). Traveled 15 miles per hour to the mid-point 
of the feeder as the average, and out to the mid-point 
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of each branch and back as the average for each 
branch. 


B. With automatic line sectionalizing and 
individual branch protection 


(a). Traveled 30 miles per hour to the sectionaliz- 
ing point at which the protective device had opened. 
No time was allowed for examining sectionalizing 
or branch protective devices en route, as it was as- 
sumed that these would have indicating features 
visible from the car. 


(6). Spent five minutes to climb the pole and to 
. restore service if a temporary fault had caused the 
outage at the sectionalizing or branch protection 
point. 


(c). Traveled 15 miles per hour to the mid-point 
of the branch or section on which the fault persisted. 
The mid-point provided the average for the uniform 
spacing of faults. 


(d). Spent 30 minutes repairing a permanent fault. 
In a majority of cases the trouble crew will repair 
faults without calling for the assistance of the line 
crew, generally in less than 30 minutes. Where the 
services of the larger line crew are required, the 
time would generally exceed the 30 minutes average. 
This makes the values presented more conservative 
than actual practice. 


(e). After repairing the fault: 


1. No time was allowed to notify the substation 
attendant when he was required to close the 
breaker (although some time probably would be 
required for notification which would have increased 
the values of the ‘‘yardstick'’’ Table I and the 
“restoration time’’ or automotive mileage for out- 
ages caused by temporary faults. This would have 
shown greater benefits for line sectionalizing and 
branch protection for reclosing cutouts and espe- 
cially for automatic resetting reclosures). 


2. The crew traveled 30 miles per hour to return 
to the sectionalizing or branch protective device to 
restore service. 


3. No ‘‘restoration time’’ or automotive mileage 
was included after service was restored, since the 
crew might then be headed for another job to which 
the additional mileage and time would be charged. 


7. Service Restoration by First, Second, 
Third, and Fourth Reclosures was assumed 
to be 50 per cent of the total number of 
faults for devices which reclose once, 65 
per cent for those which reclose twice, 70 
per cent for those which reclose three times, 
and 73 per cent for combinations which re- 
close four times (see Table IV in appendix 
of previous study!). This gives maximum 
advantage to three-element reclosing fuses 
and other multireclosing devices, as com- 
pared with two-element reclosing fuse cut- 
outs, since these values for perfect operation 
are low for the first reclosing and high for 
the second as compared with operating 
experience. Some data show as high as 75 
to 90 per cent restoration of service follow- 
ing the first reclosure. 


8. No Inspection With Reclosing Fuse 
Cutouts Was Assumed. Because such in- 
spection would have permitted refusing be- 
fore an outage occurred, the data indicate 
only the minimum benefit for these devices. 

(This benefit would be increased to a de- 
gree approaching that of the device that 
resets automatically, as such fuse renewal 
before the occurrence of an outage ap- 
proaches 100 per cent. The percentage of 
such discovery and renewal is fairly high, 
because linemen and trouble crews are on 
the lookout for the indicating devices as 
they pursue their regular duties along the 
lines.) 

Fuse renewal is accomplished in a few 
minutes while they are at the installation, 
without any traveling time or mileage as 
was included in the calculated values pre- 
sented. Thus all reclosing fuse data are 
ultraconservative. 
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9. The Protective Orbit of the Substation 
Breaker (which is determined by minimum 
pickup current of the relay) included the 
whole feeder and all of the branches. In 
many instances distribution lines have out- 
grown this orbit. Consequently, the lower 
current individual protection of the branches 
and line sectionalizing on the otherwise un- 
protected portion may prevent burning 
down lines or annealing of the conductors. 
Such faults would require a long time to 
repair and might necessitate the assistance 
of the line crew. Conversely, this lower cur- 
rent protection may cause outages which 
might otherwise have burned clear. De- 
pending on the type of equipment, after such 
outages service will be restored automati- 
cally or will require the trouble crew fo go 
out to the sectionalizing or branch protec- 
tion point in order to restore service. There 
would have to be a large number of such 
trips to equal the “restoration time’ re- 
quired for one case of putting back up lines 
burned down because of lack of protection. 


Table Il 


eel 


Assumed Initial Costs Used 


for Figure 3 Cost Eacht 
Single-element fuse cutouts............. $ 7.00 
Two-element fuse cutouts.............. 17.00 
Three-element fuse cutouts............. 32.00 
Automatic resetting reclosers............ 85.00 
Additional relay equipment*............ 58.00 


t+ These initial costs are approximately correct. 
Additional material other than the crossarm will 
be negligible as mounting hardware is furnished 
with the devices. Installation costs are not in- 
cluded as they will vary on different systems. 


*It was assumed that induction-type reclosing 
relays and breakers are available. 


No actual data are available on this rela- 
tionship. However, it would appear that 
the “‘restoration time’’ in the area beyond 
the protective orbit of the station breaker 
would be reduced perceptibly by line sec- 
tionalizing and branch protection. This 
would decrease the higher ‘‘restoration time”’ 
and automotive mileage shown in this study 
for line sectionalizing, where the protective 
orbit encompassed the whole line, and would 
increase the savings shown for branch pro- 
tection. 


Appendix B. How to Determine 

the Cost Per Hour of ‘Restoration 

Time’’ Saved Per Year to Liquidate 

Relative Initial Costs of Protective 
Equipment 


This is the method employed in figuring 
the values in Figure 3. It is applicable to 
the studying of automotive mileage costs 
as well (substitute mileage values for ‘‘res- 
toration time’’ and proceed as described). 
Since with line sectionalizing the ‘“‘restora- 
tion time’’ is increased over that for no 
sectionalizing, the comparison is made with 
the single-element cutout which requires the 
greatest “restoration time.’’ Branch pro- 
tection generally provides a reduction in 
“restoration time’ from that with no pro- 
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tection and thus the comparison is mad 
with the “yardstick” to determine the co: 
of securing this reduction. 


Procedure 


1. Determine the percentage for specifi 
system setup from curves 5 to 12 inclusivs 
making additions for the cumulative effec 
of combining branch protection and lin 
sectionalizing as described in the text. 


2. Determine the actual ‘restoration time 
for each specific system setup by multiplyin 
the “yardstick” from Table I (modified | 
necessary for variations in length of th 
total line as described in Figure 4) by th 
percentage determined in paragraph 1. 


3. Determine the difference in actual “re: 
toration time” for the equipment being con 
pared. 


4. Determine the difference in initial cost 
of the equipment required for each syster 
setup (see Table IT). 

5. Divide the difference in costs by the di 
ference in ‘‘restoration time’”’ to determir 
the cost per hour of “restoration time’’ pe 
year. 

6. Divide the values determined in pare 
graph 5 by the total wages per hour paid th 
trouble crew to determine the number ¢ 
years required to liquidate the difference i 
initial cost (as determined in paragraph 4 
Formulating this: 


Cost per unitt saved/year = 
unitf for less unitt for more 
effective device ]—| effective device 
(from item 2) (from item 2) 


Cost of less effec 
tive device* 


Cost of more effec- 
tive device* = 


Number of years to liquidate= 
cost/unit saved f/year 


dollars per hour paid trouble cre 


Appendix C. How to Combin 
‘Restoration Time’’ or Automotiv 


Mileage Values for Branch Pre 


tection, Figures 5 to 10 inclusive 
With Those for Line Sectionalizins 
Figures 11 and 12 


1. Where both cause ‘‘restoration time’ ¢ 
automotive mileage greater than 100 p 
cent (the “‘yardstick’’), add to the percen 
age on one curve the percentage above 1 
per cent on the outer curve, that is: 


Resultant per cent = (per cent on one cury 
+(per cent—100 on othe 
9) 


2. Where one system causes “restoratic 
time’’ or automotive mileage greater thc 
100% and the other system less than l( 
per cent, subtract from the first percenta; 
the value of 100 — the second percentag 
that is, - 


Resultant per cent=(per cent which 
greater than 100 per cent) — (100—per ce 
which is less than 100 per cent) 


* The cost value should be either the initial cost 
the installed cost. 


} The unit used may bein terms of restoration hot 
per year or automotive mileage per year. 
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$PHE increased kilowatt burden on 
_ ——@ generation and transmission equip- 
ments—occasioned by the existing national 
-emergency—calls for a reduction in the 
use of these equipments for generating 
and transmitting reactive kilovolt-am- 
peres. When operating conditions permit 
the use of either capacitors or synchro- 
nous condensers, the relatively shorter 
production time of capacitors is making 
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them more and more justifiable as a reac- 
tive source in the range of kilovolt-ampere 
ratings where economics might normally 
dictate a synchronous condenser. At 


the present time the use of capacitors in 
banks up to 10,000 kva is being given in- 
creased consideration, and several in- 
stallations having steps in this range have 
already been made. 

With this growing use of capacitors, it is 
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‘Tests and Analysis of Circuit-Breaker 
Performance When Switching Large 
Capacitor Banks 
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becoming increasingly necessary to apply 
adequate power circuit breakers to the 
task of switching these large banks, 
either totally or in steps, on and off the 
system. It has long been recognized 
that the job of switching capacitive cir- 
cuits, such as long unloaded transmission 
lines, can become difficult, and it there- 
fore logically follows that both the duty 
on the breaker and its effect on the system 


Figure 1. Transient- 
analyzer circuit for 
determining effects 
of sequential pole 
closing 


(a). Total capacitor 
bank energized 


(b). Capacitor bank 
energized against 
already energized 
bank. Le is induct- 
ance of breaker and 
bus work between 


banks 


during switching of large capacitor banks 
should be investigated. 

When a capacitor bank is energized, a 
large component of natural frequency 
current initially flows in addition to the 
normal-frequency circuit current. If the 
bank is energized against an already ener- 
gized bank, even larger natural-frequency 
equalizing currents may flow through the 
breaker. The effect of these currents 
must be evaluated. 

When a capacitor bank is de-energized, 
larger than normal system voltages may 
exist across the breaker contacts because 
of the trapped charge on the capacitor. 


3. Where both systems cause “restoration 
time’? and automotive mileage less than 
100 per cent (the ‘‘yardstick’’), subtract 
from the percentage on one curve the value 
of 100 — percent on the other curve, that is, 


Resultant per cent = (per cent on one curve) 
—(100—per cent on other curve) 


To determine the actual ‘‘restoration time’’ 
and automotive mileage multiply the “yard- 
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stick”? in Table I, modified as directed in 
Figure 4, by the resultant percentage. 


Reference 


1. RELATIVE VALUE OF DIFFERENT TYPES OF 
OVERCURRENT PROTECTION FOR DISTRIBUTION CIR- 
cuits, G. F. Lincks. AIEE TRANSACTIONS, 
volume 61, 1942, January section, pages 19-26. 
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This may impose a greater than usual 
task on the breaker dielectric to interrupt 
with a minimum of restriking, and if re- 
striking occurs, there may be voltage 
stresses above normal on the capacitor 
units as well as on the other connected 
equipment, 

This paper offers an analysis of the 
problem together with test results on 
full-scale and miniature capacitor banks, 
Certain conclusions are drawn relative 
to the duty on and selection of breakers 
for this service. 


Summary of Conclusions 


A total of 338 tests on oil blast and 
Magne-blast types of power circuit break- 
ers in the voltage class up to 15 kv and up 
to 250,000 kva short-circuit capacity, 
have been made. The results of this in- 


vestigation, coupled with the analytical 
treatment contained in this paper, have 


allowed the following conclusions to be 
reached: 


1. Based upon transient-analyzer analysis, 
it is shown that under the most pessimistic 
conditions of controlled restrike, abnormal 
circuit overvoltages can occur in de-energiz- 
ing capacitors. This agrees with the results 
of other investigations? covering fault clear- 
ing on circuits containing capacitance. 


2. Full-scale tests demonstrate that stand- 
ard oil-blast breakers in the above classifi- 
cation recover their dielectric strength suf- 
ficiently fast to switch capacitor banks up to 
at least 10,000 kva without creating ab- 
normal overvoltages. 


As the capacitor kilovolt-amperes is further 
increased, a point is reached where restriking 
becomes more probable. Whether abnormal 
overvoltages appear or not is then deter- 
mined by the randomness of the restriking 
phenomena and the inherent damping char- 
acteristics of the associated circuits. 


3. Full-scale tests show that the high 
series resistance in the are chute of the 
Magne-blast type of breaker, when restriking 
occurs, prevents the abnormal overvoltages 
usually associated with restriking phenom- 
ena. This is evidenced by the successful 
interruption of 31,400 kva—3,400 amperes 
at 5,350 volts. 


4. Full-scale tests demonstrated that the 
peak values of transient equalizing currents 
upon energizing capacitor banks are within 
the values given by the equations presented 
in this paper and in reference 2. 


5. The short-circuit interrupting rating of 
a breaker need not be increased by the 


TRANSACTIONS 821 


proximity of a capacitor bank on the bus 
side, 


6. All tests made under various energizing 
and discharging conditions—many of which 
are presented in this paper—showed that 
the peak values of transient current obtained 
were not harmful to the breakers tested. 
The maximum value reached was 52,000 
amperes. 


The Energizing Problem 


ENERGIZING A SINGLE BANK 


It has been shown’ that the maximum 
inrush current, neglecting system ca- 
pacitance and damping, when energizing 
a single capacitor bank at the peak of the 
voltage wave is given by 


Tasted ey XOX 2) 
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Figure 2. Transient- 
analyzer oscillo- 
grams showing cur- 
rents obtainable 
when energizing ca- 
pacitors 


Current calibration 

in times normal 

steady-state capaci- 
tor current 


91-3. One cycle of 
normal magnitude, 
fundamental fre- 
quency capacitor 
current 


91-4 Inrush — cur- 
rent, phase b, on 
energizing capacitor 
bank of Figure 1a. 
Switch b closed at 
Eqp maximum, switch 
c closed 36 degrees 
later for maximum |p 


91-5 Iq for condi- 
tion of 91-4 


91-6 |, for condi- 
tion of 91-4 


91-7 Inrush — cur- 
rent, phase b, on 
simultaneous ener- 
gizing of capacitors 
of all three phases 
of Figure 1a at the 
instant that makes /, 


maximum 
91-10 Inrush cur- 
rent, phase b, on 


simultaneous ener- 
gizing of capacitors 
of all three phases 
of Figure 16 at the 
instant that makes Ip 


maximum 


Inrush  cur- 
phase c, on 
Figure 1b. 


91-13 
rent, 


bank of 


energizing capacitor 
Switch b closed at Egy max; switch c subse- 
quently closed to give I; a maximum 
91-14 I») for condition of 91-13 
91-15 Iq for condition of 91-13 


91-16 Same as 91-13, except switch b closed 
10 degrees ahead of Egy max 
Switch ¢ subsequently closed to give Ip a 
maximum 


where 
In=peak value of steady-state capacitor 
current 
X,=reactance of capacitor bank 


X7,=system reactance viewed from capaci- 
tor location 


Since a switching problem is being con- 
sidered, it may be appropriate to express 
inrush currents to capacitors in terms of 
the short-circuit current available at the 
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capacitor location. Doing this, the above 
expression may be written as 


PS CLEP ) 


where the subscripts stand for the ca- 
pacitor rated current and the short-cir- 
cuit currents—as initialed. All currents 
are expressed in peak values. This 
amounts to approximately 2,500 amperes 
for a 10,000-kva bank of capacitors 
closing on to a 13.8-kv system capable of 
delivering 250,000-kva short circuit. 

These expressions hold for each phase of 
a wye-grounded bank on a grounded sys- 
tem. In wye floating neutral or delta- 
connected banks, however, the initial in- 
dividual phase currents are a function of 
the order of pole closing. And since 
breakers probably do not close their con- 
tacts simultaneously, this case was inves- 
tigated to determine if larger currents 
than those indicated by the above ex- 
pression, could be obtained. 

The analysis of this case*—as given in 
appendix B—indicates that the maximum 
current from this effect is 1.15 times that 
which can be obtained by simultaneous 
closing of contacts. The circuit of Fig- 
ure 1(a) was set up in miniature on the 
transient analyzer* with the following 
constants: 


L=0.234 henry 
C=1 microfarad 


For these values WV XJ/X,=5.5 hence 
Imax by above equation should be no 
greater than 1+5.5=6.5 times normal. 
Oscillographie results are presented in 
Figure 2. For the equivalent single- 
phase or simultaneous closing case, os- 
cillogram 91-7 shows a peak inrush cur- 
rent in phase b of 4.5 times normal. Os- 
cillogram 91-4 shows J; for switch b closed 
at E,, a maximum and switch c closed 36 
degrees later to give J,a maximum. This 
maximum of approximately 6.0 times 
normal, and the 4.5 above indicates that 
even the small damping in the miniature 
setup greatly reduces the maximum ob- 
tainable. 


ENERGIZING A BANK AGAINST AN AL- 

READY ENERGIZED BANK 

In this case the energized bank dis- 
charges into the oncoming bank through 
the relatively small impedance between 
them. The resulting large equalizing 
current of short duration oscillates at the 
high natural frequency determined by 
the value of series capacitance of the two 
banks, and the inductance of the connec- 
tions between them. 

Equations for determining these cur- 
rents have already been given? for simul- 


* A time of at least 1/4 cycle of natural frequency 
constitutes a severe nonsimultaneous pole-closing 
condition from this standpoint. 
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fable if Single-Phase Closing Tests When Energizing a Bank Against an Already Energized Bank 


Natural 


lz 


Ci C: 
Xr, Micro- Mi Closing Frequeacy Millihenry 
ey On ee is oF — a RMS Iy RMS I; Peak Th Peak Angle (Cycles Per Calculated 
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Natural frequency beyond vibrator response. ae 
Table Il. Closing Tests Energizing a Three-Phase Delta Bank Against an Already Energized Delta Bank | 
Tests Were Made at 5,400 Volts : 
Natural 
; Ci : Cz I, Peak During Closing Frequency Per Cent Per Cent 
| X, Ohm Microfarads Microfarads I, RMS (Cycles Per Rise Before Rise After 
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| 
1 
le 
| Co re 
ew 
Co 
neous pole closing, so will not be re- L2=0.048 henry C:=1microfarad ray oscillograph. A comparison of the 


eated. The case of sequential pole clos- 
ig, however, was set up in a miniature 
reuit of Figure 2, using the following 
mnstants: 

= 0.234 henry C,=3 microfarads 


(Z, and Ze in per unit of the total capaci- 
tive kilovolt-amperes are 0.133 and 0.027, 
respectively) 


The equalizing current on energizing Cy 
was measured by means of the cathode- 


gure 3a. Oscillograms showing the equalizing currents associated with the energizing of an 
adjacent bank with an energized bank on the bus 


See Figure and test 3 in Table | 


B—Bus capacitor current, hi 
D—Oncoming capacitor current, |2 


C—Cathode ray oscillograph relay trip 
E—Line current, Ir F—Breaker travel 


Figure 3b. Oncom- 
ing capacitor current 
of Figure 3a 


See test 3 of Table | 


effect of simultaneous closure of the three 
poles of the switch with that of sequential 
closure (with the interval between pole 
closures controlled to give maximum 
current) is given in Figure 2 by oscillo- 
grams 91-10 and 91-13. It will be noted 
that the first natural-frequency current 
peak is nearly the same (eight times nor- 
mal) in the two cases, indicating that se- 
quential closing for the adjacent bank 
case has less effect on current maximum 
than in the single bank case. 
Oscillogram 91-16 shows the effect of 
closing the second switch b ten degrees 
ahead of the time when the voltage across 
it would bea maximum. The same maxi- 
mum current (in phase c) was obtained 
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Figure 4a. Oscillogram showing the currents 

associated with the energizing of a 417- 

microfarad bank with a 440-microfarad bank 
on the bus 


See test 8 in Table | 


B—Bus capacitor current, |i 
C—Oncoming capacitor current, /2 
D—Line current, Ir 

E—Breaker travel 


by varying the angle of closing the last 
switch. 


FULL-SCALE TESTS 


Tables I and II list a few of the typical 
test data recorded during the energizing 
tests. The test arrangement was de- 
signed to have small inductances in order 
to obtain maximum currents. In spite 
of this, the maximum current measured 
was below 20,000 amperes. In none of 
these tests were current-limiting impeders 
used. Figures 3, 4, and 5 are typical os- 
cillographic records of the energizing 
phenomena with cross reference to Ta- 
bles I and II giving the numerical values. 


DISCUSSION 


The data in Tables I and II show the 
equalizing current values of adjacent 
single-phase and three-phase bank ener- 
gizing. The largest adjacent bank en- 
ergizing currents are well below the nomi- 
nal values of current which these breakers 
are normally called upon to handle. The 
successful performance of the breakers 
under these conditions, together with the 
results presented in the section on ‘‘Ca- 
pacitor Discharge During Short Circuit,”’ 
shows that the ‘‘closing-in” duties of 
standard breakers constitute a very 
minor problem. The equalizing currents 


Figure 46. Oncom- 
ing capacitor current 
of Figure 4a 


See test 8 in Table | 


are high-frequency (1,000 to 5,000 cycles) 
highly damped discharges, producing 
negligible distress either as contact burn- 
ing or as a delaying mechanical impulse 
to the closing breaker contact. Figure 6 
shows an enlarged portion of the breaker 
contacts after 34 closing tests. 


The De-energizing Problem 


The initial voltage across a circuit 
breaker following the interruption of a 
capacitor circuit is zero, since the capaci- 
tor on one side holds the same crest volt- 
age that existed on the bus side of the 
breaker at and immediately following 
current zero. This permits any circuit 
breaker to interrupt quite easily at the 
first are current zero. The breaker is 
thus lulled into a feeling of easy triumph 
over the circuit with the minimum of con- 
tact separation when suddenly—with the 
cyclic reversal of system voltage—double 
instead of zero voltage appears across the 
open breaker just one-half cycle following 
the interruption. If the breaker with- 
stands this double voltage without re- 
striking, then and not until then can the 
circuit be considered as cleared. If, on 
the other hand, the circuit is restruck as 
the voltage approaches this cyclic rever- 


Figure 5 (below, right and left). Oscillograms 

showing the phenomena in two phases associ- 

ated with the closing on a 4,150-kva delta 
bank with a 4,400-kva bank on the bus 


See test 4 of Table Il 


A—Capacitor current, |) 
B—Line-to-line voltage 

C—Bus side capacitor current, | 
D—Breaker travel 


sal, then a series of events is possible 
which must receive special consideration. 

In counterdistinction to capacitive in- 
terruptions, the current in inductive cir- 
cuits is interrupted at each current zero, 
whereupon the double-voltage-recovery 
transient is immediate, and circuit inter- 
ruption is either achieved, or the arc is re- 
struck for another half cycle to repeat the 
attempt under similar conditions at the 
next current zero. Thus the insulation 


is permitted to build up between the 
separating contacts until such a point is 
reached that the circuit is cleared without 
(There 


accumulative voltage distress. 


Figure 6. Circuit breaker contacts following a 

total of 34 closing tests in which an adjacent 

bank was energized with an energized bank on 
the bus 


Typical tests are shown in Table | 
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Figure 7 (left), Case 

I—De-energizing 

grounded neutral ca- 
Pacitor bank 


Total capacitance 
switched—shows 


basis of analysis 


¥. ” 
& s 
i Figure 8 (right). S$ 
H 3 Case II—De-energiz- ) 
4 ing grounded neutral 
s capacitor bank 
1S o 
HEIGHT OF SHADED AREA Part of i 
2 of capacitance < 
AT ANY TIME REPRESEN i “i 
38 MAGNITUDE OF SWITCH Urdiwiisned Cy/Cree* ah, 
a VOLTAGE Mp 0.2/0.5 > = 
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i 
oe 
re) 
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z = LAND C) 
7 & 
°o a | 
a ee ee ae 
ris H| Veb25 
2 4 
= IF Ves 
=) 
ay00) 
z 
9 2 Figure 9. Case VIII—De- 
an energizing ungrounded neutral 
* 3 three-phase capacitor bank 
= is with part of capacitance un- 
5 A” VebAFTER SECOND OPENING OF SW b Sitched 
6 DIFFERENCE BETWEEN CURVESA AND B 


REPRESENTS VOLTAGE ACROSS SW b 


are however special cases of inductive cir- 
cuits where abnormal restriking overvolt- 
ages can occur. The effects of the re- 
striking phenomenon on the capacitor 
switching problem are discussed under 
the section ‘‘Capacitor Discharge During 
Short Circuit.’’) 

A comparison of these phenomena in- 
dicates that the interrupting capacity of 
standard breakers on capacitive circuits 
may be limited as described in this paper. 
The limitations are not so much in the 
ability of the breakers to eventually clear 
the circuit as they are in the desirability 
of limiting overvoltages on the system 
to safe values. 

At this point, it is desirable to point 
out that the considerations contained in 
this paper deal with capacitor banks of 
high capacitive kilovolt-amperes, and 
in no way should the discussion presented 
here be construed to apply to circuits 
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Second switch to open 


which contain relatively small capacitors 
—as for example, capacitors for the pro- 
tection of electric equipment from light- 
ning or switching surges and the lower- 
voltage equipments in industrial plants. 
In fact, the phenomena presented here are 
more akin to the phenomena of the inter- 
ruption of line-charging current on high- 
voltage transmission systems. The two 
problems are identical in every major re- 
spect and differ only in degree. The 
capacitive kilovolt-amperes to be inter- 
rupted on high-voltage lines is usually 
large. As with the capacitor bank, in- 
terruption takes place easily at the first 
current zero in the arc, thus leaving the 
entire line charged to the crest value of 
generated voltage. As the generated volt- 
age reverses on the bus side, double volt- 
age appears across the switch. The 
breakers required to interrupt this line- 
charging current are inherently large, and 
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ag-6 


although the contact velocity on parting 
is considerably larger than in the smaller 
breakers, it is not larger in proportion 


to the voltage. It follows that the volt- 
age to appear across the open pole one- 
half cycle after contact parting is there- 
fore much greater on the high-voltage 
systems. This fact, together with the 
large kilovolt-amperes to be interrupted 
explains why these interesting phenomena 
were first found on the high-voltage 
transmission systems. The trend toward 
‘arge capacitor banks tends to project the 
above phenomena into the lower-voltage 
systems, not by reason of voltage, but be- 
cause the heavier currents to be inter- 
rupted act to weaken the are gap one- 
half cycle after parting, thus permitting 
the gap voltage on the reversal of bus 
voltage more easily to produce a restrike. 
The studies presented in this paper reveal 
the degree to which these phenomena are 
important to the lower-voltage switching 
equipments. 


ANALYSIS 


Tests have been made on the transient 
analyzer! to determine the maximum 
magnitude of transient overvoltage that 
would be obtained when switching off 
various connections of capacitors, with 
the assumption that the circuit-opening 
mechanism would restrike once. The 
capacitor switch was opened at a funda- 
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Case |—Single-phase or 
three-phase grounded ca- 


pacitor, total capacitance 
switched 
L=0.85 henry 


C=0.5 microfarad 
89-3 Capacitor voltage 
89-4 Voltage across switch 


Case ||—Single-phase or 
three-phase grounded ca- 
pacitor, part of capacitance 


ae Case IV 
Case II 


C2=0.5 microfarad 82-8 
82-9 
82-5 Capacitor voltage 82-10 


89-6 Voltage across switch 


Case V 


capacitor to 
ground 
89-12 Voltage across first 
switch to open 


switched 


Figure 10. Transient-analyze 
oscillograms showing voltage 
obtainable when de-energizing 
capacitors, for various con- 


switched 82-7 Unswitched capaci- Case V—Three-phase un- nections and assuming one re- 
L=0.85 henry tor voltage grounded neutral capacitor, strike at peak of voltage wave 
CG, Cunswitched)=0.2 mi- total capacitance switched 
crofarad Case |V—Same as case Il, —first switch to open, All voltage calibrations in times 
Cz switched=0.5  micro- except L=1.67 phase a normal of normal L-N crest 
farad C;=0.2 microfarad 89-11 Voltage of voltage 


mental frequency current zero and re- 
closed by means of a synchronous switch 
at the subsequent recovery voltage maxi- 
mum to represent a restrike. Although 
this switching procedure does not involve 
the randomness present in the circuit- 
breaker performance, it gives the highest 
possible magnitudes of both switch and 
capacitor voltage. 

Table III presents the results of these 
tests, giving the peak switch and capaci- 
tor volts for the condition of no restrike 
and one restrike, Figures 7 through 9 
show some of the connections tested and a 
“free-hand” graphical analysis of the 
voltages. These supplement the oscillo- 
grams in Figure 10. 

Figure 7 shows the fundamentals by 
which these transient overvoltages are 
obtained. Ata current zero (peak of the 
voltage wave) the switch is opened, where- 
upon a full charge remains on the capaci- 
tor. The fundamental frequency system 
voltage moves onward until it is a nega- 
tive maximum resulting in a switch volt- 
age of twice normal. A restrike is per- 
mitted at this point, and the capacitor 
voltage changes to system voltage on the 
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circuit natural frequency and overshoots 
(neglecting resistance damping) an 
amount equal to its attempted change, or 
to —3 times normal, as shown. At the 
first subsequent current (largely natural 
frequency) zero, the switch is reopened, 
and the charge of —3 times normal re- 
mains on the capacitor. 

Figure 8 shows a similar analysis for 


switching off part of a bank (65 per cent 
of the total in all these tests) with one re- 
strike. At the time just previous to re- 
strike, C, is at —1.0 per unit volts and 
C, is at +1.0 per unit volts. In the 
transient-analyzer tests there was no in- 
tentional current limiter between C, and 
C2; hence immediately upon restrike the 
charge on C; and C, equalized to a value 


Table Ill. Transient Analyzer De-energizing Tests 


Case 
No* Condition 


Grounded Neutral 


I...Switching 0.5-microtarad bank...... 


Peak Capacitor Volts 


to Ground Peak Switch Volts 


No One No One 
Restrike Restrike Restrike Restrike 


II. ..Switching 0.5-microfarad bank, 0.2 microfarad mnewicneds } } DL Onsen tie us ead eens Oiler eee 4.8 


III...Same as I, Li changed from 0.85 to 1.67 henries................. 
IV...Same as II, Li changed from 0.85 to 1.67 henries 


Ungrounded Neutral 


V...Switching 0.5-microfarad bank, Ist phase..... 
VI...Switching 0.5-microfarad bank, 2nd phase... 
0.2-microfarad un- 


VII...Switching 0.5-microfarad bank, 
switched Ist phase 
VIII...Switching 0.5-microfarad bank, 
switched 2nd phase 


. .Similar to case 1 
é wie ie Mtoe aveteite aieheteve Similar to case 2 


0.2-microfarad un- 


SOE Acc MUO Gono RENUG conch: Géqack 6.0 
Re TTA To DOE 2. Grepiesie sOrOnistnl O54 Osean OLO 
A ODDS ooS oe rae: PHU ddas SOM hano ho See! con cu dll 
srajete ateveuchetenrtetes 2, OF raleseors 0. 0 Welssien Ges GO eleerye Sse, 

Bours orien Ow eid E.Oeiprierasioc Olive iorin Oman 4S 


* See oscillograms, Figure 10, 
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Case Vi—Same as case V 


Second 


switch to 


open Case 
(b phase) VII 
84-11 Voltage of capaci- 
tor being switched (b) to 84-1 
ground 


84-12 Voltage of capaci- 


tor already switched (a) to 


84-5 
ground E 

84-13 Voltage across 
switch b 84.3 

84-14 Voltage across 
switch a g4.4 

Case V|I—Three-phase un- 
84-5 


grounded neutral capacitor, 


part of capacitance 


siven by E(C2—C:)/(Git+-C:) and then 
oscillated to a value given by —E(CGi+ 
3C2)/(CQa+C2). An analytical determina- 
tion of this expression is given in appen- 
dix B: 

The constants used for these transient- 
inalyzer tests—in L-N values—were: 


System inductance L=0.85 henry except 
-ases 3 and 4, L-+1.67 henries 
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switched—first 


83-6 


Voltage of switched 
capacitor to ground 
Voltage across first 
switch to open 

83-8 Voltage of un- 
switched 


phase 2 to ground 


Vlll—Same as 
Second 
open (b phase) 

Voltage of capaci- 
tor being switched (phase 
b) to ground 

Voltage of capaci- 


tor already switched (a) to 


Voltage Vy. on 
opened capacitors 


Schroeder, Boehne, Butler 


Case VII 


switch to 


open 


capacitor on 


case 
switch to 


ground 


across 


Case VIII 


84-6 


Capacitance switched C,=0.5 microfarad 


Capacitance unswitched C,;=0.2 microfarad 


The most severe overvoltage across the 
switch on de-energizing when 
switching off part of an ungrounded wye 
(or delta bank) and when the second 
This is shown by Figure 9 
The capacitor overvoltage 


occurs 


phase clears. 
(case VIII). 


Voltage Vac on un- 
switched capacitors 
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Case |X 


Case IX—Same as case VII. 
First switch to open, ca- 
pacitor neutrals connected. 
(Comparison with case VII 
shows effect of unswitched 
capacitors in holding down 
neutral displacement of 
switched capacitors) 
89-13 Voltage _ of 
switched capacitor to 
ground (phase a) 
82-14 Voltage across first 
switch to open 
82-15 Voltage of un- 
switched capacitor on 
phase a to ground 


Figure 10 (continued.) Tran- 

sient-analyzer oscillograms 

showing voltages obtainable 

when de-energizing capacitors, 

for various connections and as- 

suming one restrike at peak of 
voltage wave 


All voltage calibration in times 


normal of normal L-N crest 


voltage 


is equal to that obtained when switching 


all of the bank. 


FULL-SCALE TESTS 

Analysis shows—Table III—abnormal 
voltages are possible with one restrike 
under the most pessimistic conditions. 
Full-scale tests were made to determine 
practical conditions obtaining. 


TRANSACTIONS 827 


Table IV. De-energizing Tests—Three-Phase Ungrounded Capacitor 


————————— 


a miniature setup allowed the following con- — 
x Micro- Capacitive Ep Peak Ep/EaLl-G IRMs F ; 
vali Sine farads Kva Opening Peak Opening K clusions to be drawn: 
No L-L L-N L-L Switched L-G Opening Amperes Remarks 
1. Effect of circuit constants (L and C). 
tO DES rao ae 845 If the entire bank is switched, the magnitude 
Wee 4.000) en 0.28020 00) Pe OvaoO ae 4: OOO tirasister WOR e as ae Wewo diatennne fret of the owiteht of capacitor conaee is nob eee 
2 ARNO, 45 DCE oe DIL Some RTO ain oy COME Goss s.c. olka) cae 1 a 
Soe 4 0008) 0.28%. 91600 112.10,100 net 000) cee ae: 1.23... .1,850 preciably affected by the system consta 
face Hee . 250,000 Interrupting Kva provided that the circuit natural frequency 
il- _ nterru : : 

Hy s e ce 38 7a AR 5 6 ACN, canon 1 AQP SO is not less than approximately 180 cycles. 
5....14,500....3.38.... 17.7.... 4,850....16,600....... 1 40 sNeg 80 (0 eae Pie earn ae (Refer to cases I and II of Figure 10.) 
6....14,500....3.38.... 34.4....10,800....16,000 Figure 1.35.... 375 Des: ; 

Fae avb0O meso OSes ono 4c4 0,800. LO, 200 mel 2a 1. G4 ain. 375 2. Presence of an unswitched bank. If. 
Qn 14,500. a OcO Serie O424 0 ie LO; S00 ery LO, O00) ee. a5 L615. O00 nae GF (har baci temas nnswiteneds ee 

Magne-Blast Breaker—150,000 Interrupting Kva capaci tor and switch volts are the eet m eas 
Mose ZOOS AOR, SOL cho a RAPLOUE coc EHUD Go oe oun 1.54....1,850 the condition of total bank switched, if no 

i i 000 ae. ee bs ae ee ul Dae Pets 5 a a ath org Moderate or Oe eat care restrike occurs. If restrike occurs, the 

Ted DOO, 083k. 9750 0 81,400. 155,000. vanes 1.54... .3.400 smaller the bank unswitched, the larger - 

ation <MORO Ga AUP Bis oo Swi d, the esa 

Magne-Blast Breaker—250,000 Interrupting Kva switch voltage, the limit bei g a very 

13 a 5,400 0.47 259 11,400 6,000 137 1,050 unswitched capacitance for which a some- 

14... 5,400. ...0.47....259 ....11,400.... 6,500 Figure 1.49....1,050(  wfoderate'report—cleared what greater voltage may be obtained than 

1S LOOM Ola tee 20 Omer alll 400 net Oy LOO ml Lawns Lente sOO0 for the case of absolutely no unswitched 

LG ord OO ee OL47 OO berets tel | 400i cree, A OO ter rs ate 1.23....1,050 eapacitadee: Tablet eamimtearizes quantitas 

tive results. 
3. Effect of grounding. Grounding the 
capacitor bank on a grounded system results | 
in the lowest switching overvoltages, as 
may be seen by comparing the values of the 

Table V. Closing—Opening Tests in Which Capacitor Discharged Through Breaker on Initiation of Fault 
For These Tests Capacitance = 857 Microfarads 
I,* I In I: RMS Natural . Ll: 

I, RMS Peak on Peak on lh Short-Circuit Symmetrical Switching Frequency Millihenry 
XL Eg Es Before Closing Closing Peak on Peak on Closing Fault Angle (Cycles Per Calculated 

No Ohm Volts Volts Closing (Measured) (Calculated) Opening (60 Cycles) (60 Cycles) Degrees Second) From Test 

Magne-Blast Breaker 
eters OL4 2 er ales S400 ae os 6,300 Renter: PROVE 6 oon TOL000 Maer PL TOOl bcs $8,800 Fane: 365000 s-retesiie seecctence 11,800c.2:o6e: EDs a ogg 1,100. eras 0.0244 
Disa aie O42 Weer. 5400 Fe cre 65300 reer 2,050 menriie 42,000...... A, OOO Mae sc QNCOG RS hae 25000 siz-ciatetecsto cleteteters TES TOO Reese G2 Wears 1,100.22. 0.0244 
Saeeeters OAD Le rererece 5,400...... 6,300 Maes 22050 Seni 1,500) e rane M200 erate ce 9,400 snags. 36,000, .Figure 13b..11,800....... SP 1,100 Seer 0.0244 
ye eee OvA2 I errr 5,400.cm... 6,300 Rae. PRU AV re a5 52, 000 eerte 53; 000%. ae. 9, 50005... gers 20,000. .Figure 13a..11,800....... S6ie cates LL OOhrs 0.0244 

Oil-Blast Breaker 
Sieient st O;421 aes. 5,400... 2... OF concn PAD RDG & tone 35; 000k it 44,000...... 8,450 50% 2: 27 00O Nien cc cutter 10;900cFy ite AGA Sctene 1,220.0 xcs 0.020 
Gaeed 0132900. .=) 5,400...... BOLO. sco. 1-050 .ee ees HOU. see oe Oe oo dec 8,500...... AB O00 Se. emcees 145400 seh Deets 11608 eee 0.022 
(ie 01329 re 52 00a 60400 eeee 1050s 375000 see AUN, sa 8:75 0 seer 32000 Seaeeee eee 14550005 eee 563 ae mond 100 ects 0.022 

Egy) beta ees Ceghite 


conditions, which again helped to plan 
and analyze the full-scale program. The 


* This peak current flows through breaker in addition 


The typical test results summarized in 
Table IV indicate the scope of these tests. 
Oil and Magne-blast breakers of the volt- 
age class up to 15 kv and up to 250,000- 
kva interrupting capacity were tested. 
It is interesting to note that the Magne- 
blast breaker successfully interrupted 
31,400 kva at 4,000 volts without dis- 
turbing overvoltage in spite of some re- 
striking. This result is caused by the 
high series resistance present® when re- 
striking-oecurs within the arc chute, see 
Figure lla. This desirable characteristic 
of the Magne-blast type of breaker 
places it in a very favorable position when 
switching capacitive circuits. Figure 11 
exhibits typical cathode-ray oscillograms of 
the voltages attending these interruptions. 
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to short-circuit current, but has disappeared with the arrival of peak short-circuit current. 


The 15-kv, 250,000-interrupting-kva 
oil breaker was tested up to approxi- 
mately 11,000 kva with results as tabu- 
lated. Figure 12 shows a typical record- 
ing of this series of tests when de-ener- 
gizing the larger bank ratings. 


DISCUSSION OF RESULTS 


The transient-analyzer approach al- 
lowed the circuit constants to be readily 
varied for determining generalized quali- 
tative results, thus materially reducing 
the full-scale test requirements. Also, 
with complete control of the random 
phenomenon called “restriking,’”’ certain 
conclusions could be drawn with respect 
to the maximum possible overvoltages 
obtainable under the most pessimistic 
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grounded and ungrounded cases of Table 
iat. 


4, Effect of interconnecting neutrals of 
switched and unswitched banks. The un- 
switched bank under this condition has the 
tendency of holding the neutral of the 
switched bank at ground potential, and as 
the ratio of unswitched to switched capacity 
increases, the grounded case is more nearly 
approached. (Refer to cases VII and IX of 
Figure 10.) 


Full-scale tests demonstrated that 
delta-connected ‘or wye floating ' neutral 
capacitors up to 10,000 kva can be han- 
dled with standard breakers without 
creating the abnormal overvoltages in- 
dicated by the analysis. This appears to 
substantially satisfy present-day system 
requirements. Above these values a 
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‘igure 11a. 
ng the capacitor voltages to ground attending 
he interruption of a three-phase 6,500-kva 
ank with the Magne-blast air circuit breaker 


Cathode-ray oscillogram show- 


See test 14 on Table IV 


oint is reached where restriking to- 
ether with the attendant overvoltages 
comes more probable, thus presenting 
field for further development should the 
equirement greatly expand. 


vapacitor Discharge During Short 
Circuit 


When a short circuit occurs on the load 
ide of a large capacitor bank, the ca- 


pacitor discharges its energy into the 
fault—in some applications—along with 
the flow of short-circuit current. (See 
figure in Table V.) The question natu- 
rally arises regarding the extra duty, 
if any, required of the circuit breaker 
through which both of these currents 
flow. A study of the problem reveals 
that the most severe case of the above 
consideration concerns the closing of the 
breaker upon such a fault with immediate 
opening. The concern regarding this 
case is dispelled when it is realized that 
the maximum capacitor energy is 
“dumped” when the fault is initiated at 
the crest value of the system voltage. 
Under these conditions, the short-circuit 


Figure 12. Cathode- 
ray oscillogram 
showing the capaci- 
tor voltages to 
ground associated 
with the interruption 
of a_ three-phase 
10,800-kva bank 
with an_ oil-blast 
circuit breaker 


See test 6 on Table 
IV 


Figure 13@. Fault 
initiated near the 
peak of generated 
voltage 
Maximum capacitor 
charge. Note the 
high capacitor dis- 
charge in the pres- 
ence of approxi- 
mately symmetrical 
fault conditions. See 


test 4, Table V 
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Figure 

voltages 

Magne-blast breaker opening a single-phase 
3,300-kva 5,400-volt bank of capacitors 


11b. Cathode-ray oscillogram of 
to ground associated with the 


B—Capacitor volts 
C—Bus volts 


current which flows is at its lowest value, 
namely the symmetrical value. In this 
case the highly damped capacitor dis- 
charge is practically over with the ar- 
rival of the first crest of normal-frequency 
short-circuit current. See Figure 13a. 

If, on the other hand, the maximum 
short-circuit current is developed by ini- 
tiating the fault at the zero point of the 
voltage wave, the capacitor charge is zero 
and hence contributes nothing. See 
Figure 13b. 

Analysis shows that this latter case de- 
velops the maximum thermal and mag- 
netic effects. Since this is a normal 
function of the breaker, it follows that 
the presence of the capacitor cannot add 
to the maximum closing duty of the 
breaker. It should be pointed out, in 


Figure 13 (left, below). Typical oscillograms 
showing the currents resulting when a circuit 
breaker closes upon and interrupts short circuit 
whena large capacitor bank is present on the bus 


B—Trip-coil current 
C—Capacitor current, h 
E—Fault current, I> 
F—Line current, Ir 
G—Breaker travel 


Figure 136. Fault initiated close to the 
minimum point of generated voltage 


Minimum capacitor charge. Note the low 

capacitor contribution in the presence of the 

displaced short-circuit current. See test 3, 
Table V 
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addition to the above, that the presence 
of the shunt capacitor on the bus mate- 
rially aids the circuit breaker in its duty 
by lowering the rate of rise of recovery 
voltage. This last deduction does not 
hold if the breaker is attempting to clear 
a L-G fault on a system that is suscepti- 
ble to high arcing-fault voltages. Other? 
investigations indicate that on these sys- 
tems the reduction of the ratio of ca- 
pacitive zero-sequence reactance to the 
positive-sequence inductive reactance 
tends to give the more severe overvolt- 
ages if restrike occurs. These conditions 
however, are rare and can be eliminated 
by properly grounding the system. In 
order to determine breaker operation 
when performing this function, as well as 
an attempt to get higher inrush currents 
in the interests of completeness, tests 
were conducted in which short circuits 
were produced by closing breakers upon 
the fault and tripping with no time delay. 
Two oscillograms are shown demonstrat- 
ing the above relationships. Figure 13a 
shows a fault initiated near the peak of 
generated voltage. Note that the high- 
frequency capacitor discharge is so short 
that, with the arrival of the first peak of 
the symmetrical short-circuit current, 
little of the capacitor discharge remains. 
Figure 13b shows a fault initiated near 
the zero of generated voltage, giving rise 
to a displaced fault. Note the insignifi- 
cant contribution made by the capacitor. 
Table V shows a partial list of the tests 
made under these conditions. The above 
considerations show that the interrupting 
duty on a circuit breaker is not increased 
by the presence of a large shunt bank on 
the bus side. In no case did the breakers 
in this series of tests exhibit abnormal 
stress. 


Appendix A. Sequential Ener- 

gizing of a Three-Phase Un- 

grounded Wye Capacitor Bank— 
Inrush Current 


Considering the circuit given by Figure la, 
switch a@ may be closed with no electrical 
effect. The maximum current in phase ab 
may be obtained by closing switch b at a 
time when the voltage across it, Egp, is a 
maximum. Thus 


\/3E cos wt (1—a)E, 
2(or+~) 2Z(p) 
pe 


where H=line-to-neutral generated voltage 
in phase a. 


The voltage across the open switch c is 


(1) 


ig= —ip= 


aE {Ea- igZ(p) } (2) 
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which with equation 1 substituted is 


1 3a? he 
(at-144-8) =n, —1.5E sin wt 
(3) 


It is interesting to note that the voltage 
across the last switch to close has no natural- 
frequency component, even though the cur- 
rent flowing in phases } and c at this time 


does have. This may be written 
Esw,= —1.5E sin (wt’+8) (4) 
where 


6=wAt, and At is the time elapsed be- 

tween the closing of switches b and c. Con- 
sidering the effect of this voltage by itself, 

—1.5E sin (wt’+6) 


Cem BE(D) (5) 


At any time after At the total current in 
phases a and 3 is 


Vc 
T,7=1,—-— 
aT a 

2 


== (6) 


Since Jy7, the total current in phase b, will 
be the largest, the operational expression for 
Ipr given by equation 6 will be solved. 


LS tot V3E cos wt E sin (wt’+@) (7) 
Ce AAG) 22(p) 


The solution of this is 


/3 


3 3 eS 
Tyra sin as | Vex n/n dt 


1 1 
5 cos (wt’ +6) — 5 cos 4 cos wot’ + 


1 Sa 
9 VES: sin 6 sin os | (8) 
where 
E . 
In= Z =normal capacitor current per phase 
eee X,=oL 
ome wC eet ee 


ee SOOO =natural frequency of the 
circuit 
t terms are components of 7, the current 
before switch ¢ is closed 


4, 
t’ terms are components of 7% the addi- 
tional current after switch c is closed 


Since the natural-frequency components 
of equation 8 have large coefficients by com- 
parison with the forced frequency compo- 
nents, the latter may be neglected to simplify 
the task of determining the value of @ which 
will give the largest total component of cur- 
rent in phase >. The natural-frequency 
components are 


3 
Inp= V¥e/¥i| YO sin wot 


is : wo 
~ sin O{ sin aot cos — 9— 
2 w 


. w0 
COS wof sin — »)| (9) 
@ 
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Putting dIyp/d0 equal to zero permits the 
value of @ to be found which will give 
maximum Iypr. This will not be far from 
that which will put the two components of — 
equation 9 inphase which, for a natural fre- 
quency of 5 is 6=180/5=36 degrees. 


If 0=36, Inr max=V Xo/Xzr 1.12 
If 6=40, Inpr max = V Xo/Xz 1.18 


Adding 1.0 to VX¢/Xz 1.18 to allow for 
fundamental frequency components of equa- 
tion 9 gives 


which is 15 per cent higher than J. de- 
termined for simultaneous switching. 


Appendix B. Capacitor De-Ener- 
gizing Analysis; Capacitor Volt- 
age upon Restrike 


Case 2. Part of Bank Unswitched 


Referring to Figure 8, just before restrike, 
at t=0, the voltage existing across the 
switch = —H(1+cos wt) neglecting the rise 
in voltage of point a due to 7, flowing through 
L. The effect of closing the switch (re- 
striking) may be obtained by applying this 
voltage to the operational impedance of 
the circuit, and the switch current is 


| aie P3(wi? +p?) ] 


(wo? +p) — (wo?-+ p*) (we?+ p?) 
(10) 


: w 
12 — Cs 


wy? 


where 


E=crest value of generated voltage 


The change of voltage of capacitor C, due 
to the restrike is Ae,.=i2/pC2 for which the 
solution is 


2 
wo" } 1 wr 
NER fy, | | ——+1+ 
& oy? E “aE 
w)? @) —w? 
= COS wot + cos wt | (11) 
w2— wo wo?— w? 


If the natural frequency wo is assumed very 
large compared with w, then at f=2/w» 


(12) 


(13) 


For case II, where C}=0.2 microfarad and 
C,=0.5 microfarad, E.=(—17/7)E. This 
value may be obtained by conservation of 
charge—the sum of the charges on the 
capacitors after restrike is the same as be- 
fore, hence immediately after restrike 


E of both capacitors = 
Or (=G4+G)E 3 
Cr O+C, 7 


E 


The equalized capacitor voltage must still 
change through 2C,/C,+ C, E to arriveat the 
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Introduction 


HE knowledge that metals could be 
heated inductively and that non- 
conductors could be heated dielectrically 
dates from the earliest experiments with 
electricity. In the last few years induc- 
tive and dielectric losses, which have long 
been obstacles in the electrical industry, 
have been profitably employed in a new 
industrial tool powered by high-fre- 
quency motor-generator sets and vacuum- 
tube oscillators. Low-frequency induc- 
tive heating has been used in specialized 
melting applications for approximately 
20 years and for some surface hardening 
work for the last ten years. However 
with the advent of the new equipment 
and knowledge of its use, it is no longer a 
highly restricted application but is ready 
to handle thousands of heating processes 
throughout the industry. Hence, it is 
felt that a short review of the theory of 
inductive and dielectric heating, together 
with a description of the vacuum-tube 
circuits used and some of their applica- 
tions, would be of value at this time. 


II. Classification of Equipment 


Inductive heating can be roughly segre- 
gated by frequency into three classes. 
The first class covers applications to 
1,000 cycles. It is almost entirely used 
for forging and melting steel and non- 
ferrous metals either directly or indirectly 
(that is, by heating electrically conductive 
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crucibles). Power requirements range 
from a few watts to thousands of kilo- 
watts generated by motor-generator sets. 
It is being widely used to produce many 
of the specialized alloys demanded for 
war equipment. 

The second class covers frequencies 
from 1,000 to 12,000 cycles almost en- 
tirely generated by rotating machines 
with power ratings of from 20 to 1,200 
kw. The applications in this group cover 
practically all heating processes—surface 
hardening, forging, brazing, soldering, 
melting are all included. One to three 
thousand cycles are used for melting 
nonferrous alloys, for surface-hardening 
relatively large parts, and for some forg- 
ing applications. The new 9,600-cycle 
generators are being used successfully for 
surface-hardening relatively small parts 
where the contours need not be too closely 
followed, and where the depth of case 
need not be too small. Widely used for 
brazing and soldering of other high-resist- 
ance metals, inductive heating is more 
difficult to apply to the heating of copper, 
brass, and other low-resistance alloys. 

The third group for inductive heating 
covers all applications from 50,000 cycles 
to 1,000,000 cycles. Generation is al- 


Paper 42-154, recommended by the AIEE com- 
mittee on industrial power application for presenta- 
tion at the AIEE Pacific Coast convention, Van- 
couver, British Columbia, Canada, September 
9-11, 1942. Manuscript submitted June 4, 1942; 
made available for printing July 29, 1942. 
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system voltage, and in changing through 
the inductance it will overshoot this amount 
and become a negative maximum of 


2C, Gi+3Ce 
Weg = Se 
Ag ) CA+C2 


which agrees with equation 13. 
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most entirely restricted to spark-gap 
and vacuum-tube oscillators. Spark-gap 
type of equipment can be built for fre- 
quencies from 50,000 cycles to 200,000 
cycles and for power outputs up to 25 kw. 
Vacuum-tube equipment, while having 
no theoretical frequency or power limita- 
tion, is most economically applied at fre- 
quencies over 150,000 cycles and at power 
outputs up to 200 kw. 

In the dielectric heating field the vac- 
uum-tube oscillator is the only source ca- 
pable of producing sufficient power at the 
frequencies necessary. From 1,000,000 
to 30,000,000 cycles have been used at 
powers up to 200 kw. 


III. Theories Involved 


Before taking up some of the applica- 
tions in greater detail, it might be well to 
review some of the fundamental theories 
involved. Any charge to be heated in- 
ductively can be thought of as a short- 
circuited secondary winding of a trans- 
former, the primary being the heater coil. 
The currents produced in the charge 
heat it by resistive and hysteresis losses 
according to the well-established theory 
of eddy currents. The heat generated is 
confined to the surface of the parts by the 
skin-effect phenomena. The depth of 
penetration varies inversely with the 
square root of frequency, directly with 
the specific resistance of the material, and, 
in the case of magnetic materials, in- 
versely with the permeability. 

With nonmagnetic metals the heat is 
generated in this superficial volume 
throughout the heating cycle, varying 
only as the resistance of the metal changes 


Five-kilowatt power oscillator for 
high-frequency induction heating 


Figure 1. 
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Figure 2. Fifteen-kilowatt power oscillator 
for high-frequency induction heating 


with temperature—the core of the charge 
being heated largely by thermal conduc- 
tion. Thus silver and copper are difficult 
to heat because of their low specific re- 
sistance and the resulting small depth of 
penetration. In magnetic materials the 
depth of the heated layer, which is very 
small due to the effect of the high per- 
meability, increases rather abruptly at 
the temperature above which the mate- 
rial becomes nonmagnetic. Simultane- 
ously, the power being absorbed in the 
original layer is reduced. Therefore steel 
with a high permeability and high spe- 
cific resistance is readily heated in a thin 
surface layer while below the critical 
temperature, whereas above this tempera- 
ture the power absorbed is less, and the 
depth of penetration considerably greater. 


Because of these effects, the majority 
of steel parts can be readily surface-hard- 
ened at the intermediate frequencies by 
heating the surface inductively and 
quenching when the desired penetration 
has been achieved. Much higher fre- 
quencies are required for irregular parts 
where the contour must be followed 
closely, where coupling is difficult because 
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of shape or small size, and where extreme 


localization of the heat isa necessity. To 


heat readily the low-resistance metals 
such as silver, copper, aluminum, and 
brass, the magnetic flux densities re- 
quired at the intermediate frequencies 
are difficult to obtain, whereas the higher 
frequencies allow the use of more normal 
flux densities. 

In dielectric heating the material to be 
heated is placed between two electrodes, 
and voltage applied at a frequency above 
1,000,000 cycles. The whole forms a 
high-loss capacitor. The theory of di- 
electric losses is somewhat complex and is 
not yet thoroughly understood. How- 
ever for most materials the heat developed 
is roughly proportional to the frequency 
and voltage applied and to the power 
factor of the dielectric. The entire mass 
is uniformly heated throughout, provided 
the electric field is uniform. 


IV. Vacuum-Tube Circuits 


The vacuum-tube oscillators used in 
the high-frequency field are of the sim- 
plest possible type. Radically departing 
from the usual radio construction prac- 
tice, they are truly an industrial tool. 
Mechanically they are ruggedly built to 
withstand normal factory usage. Elec- 
trically they have been greatly simplified 
to provide the maximum reliability. The 
circuits most generally used are the Col- 
pitts and the coupled-grid self-excited 
oscillator. In either of these circuits, the 
alternating supply voltage is stepped up 
by means of a power transformer to a 
voltage in the neighborhood of 7,500 volts 
to 15,000 volts and then rectified by a 
suitable bank of mercury vapor rectifier 
tubes. The direct current thus obtained 
supplies the oscillating circuit which con- 
sists primarily of a grid-controlled 
vacuum tube shunted across a parallel 
resonant circuit. The tube acts as a very 
rapidly operating switch. When this 
switch operates at the fundamental fre- 
quency of the parallel resonant circuit, 
it transmits power surges at this fre- 
quency by effectively short-circuiting the 
line once each cycle. Thus the voltage 
across the oscillation capacitor and in- 
ductance is alternately reduced and in- 


Figure 3 (left). Basic 
Colpitts oscillator 
circuit as used for 
induction heating 


Figure 4(right). Basic 


coupled-grid oscil- 


HEATER COIL 


832 TRANSACTIONS 


lator circuit as used 
for induction heating 
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creased, setting up a circulating current 
in the resonant circuit. 

To assure that the tubes operate at the 
desired frequency, their control grids are 
excited directly from the resonant circuit. 
This excitation voltage is obtained by 
several methods. In the Colpitts circuit 
(Figure 3) the excitation voltage is ob- 
tained by a direct tap on the oscillation 
capacitor, while in the coupled-grid cir- 
cuit (Figure 4) it is developed in a coil in- 
ductively coupled to part of the oscilla- 
tion inductance. All direct current is» 
prevented from appearing in the resonant 
circuit by means of blocking capacitors. 
In both of these circuits the heater coil is 
usually in series with the parallel resonant 
circuit and forms part of the oscillation 
inductance. Since the frequency of opera- 
tion is primarily determined by the con- 
stants of the resonant circuit, it will shift 
slightly as the inductance of the heater 
coil changes with load, thus always as- 
suring operation at resonance and reduc- 
ing fluctuations in the output current. 
For some applications requiring higher coil 
currents than are economically obtainable 
with a resonant circuit, an air-core trans- 
former is used to step up the current. 


V. Applications—Inductive 
Heating 


This type of equipment can be applied 
to a great variety of heating problems. 
In the case of a small one-quarter-inch 
shaft the central portion was used as a 
bearing surface while the ends were riv- 
eted over to hold it in position. The over- 
all length was approximately 11/, inches. 
The problem was to harden the bearing 
surface while leaving the ends unaffected. 
Previously, this was achieved by copper- 
plating the ends and then casehardening 
the exposed parts by carburizing—a 
lengthy and expensive process. To ap- 
ply induction hardening, a small coil was 
wound which was approximately thelength 
of the desired hardened area. The 
part was centered in this coil, and the 
whole was immersed in water. Power at 
a frequency of 500,000 cycles was applied. 
As the steel heated up, a film of steam 
formed around that area, protecting it 
from the cooling action of the water. 


RECTIFIER 
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But, when power was removed, this 
yapor envelope collapsed, allowing the 
water to rapidly quench the part. The 
ntire cycle was complete in 3/2 seconds, 
und a satisfactorily hardened area ob- 


Figure 5 (right). Surface-hardened 
gear 


Photo courtesy of The Ohio Crankshaft 
Company 


Figure 8. Nickel-silver-sheath 
Calrod unit resistor with Mycalex 


terminals and bushings inductively 
brazed 
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Approximately four kilowatts 
output was used. 

Curiously enough, in surface-hardening 
split pipe-threading dies an external coil 
can be used to harden the inside teeth. 
This is possible, because the induced cur- 
rents must travel in a closed loop. Since 
there is no continuous external path 
around the circumference of a split die, 
the currents must travel completely 
around the inside of the die before return- 
ing to the outside surface. Thus such a 
die can be located inside a coil and, with 
proper heating and quenching cycles, can 
be hardened on both the inside and outside 
surfaces simultaneously, leaving a soft 
tough core. 
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In applying inductive heating to braz- 
ing, the usual procedure consists of as- 
sembling the fluxed parts using a pre- 
formed piece of brazing alloy between the 
parts. The advantages of the use of this 


Figure 6. Brazing adap- 

ter on small assembly 

using air-core output 
transformer 


Photo courtesy of Ajax 
Electrothermic Corporation 


Figure 9. Focus inductor for 

specialized brazing showing 

output transformer with two- 
turn secondary winding 


Photo courtesy of Ajax Electrothermic 
Corporation 


Figure 10. Metal-tube-type 
crystal unit 


Shell soldered to header as- 
sembly by inductive heating 
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y assembly 
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method are speed, cleanliness, simplicity, 
and localization of heat. No experienced 
operators are necessary, and the method 
is admirably suited to automatic or semi- 
automatic operation, 

In assembling the stator punchings of 
a small motor, the shell holding them had 
previously been spun over on either end. 
However, in using this method, the 
punchings had a tendency to work loose. 
To solve the problem, one end of the shell 
was spun over, the stator punchings as- 
sembled in position, and a thick washer 
placed over the end. A groove in the 
washer accommodated a ring of silver 
solder adjacent to the shell. The use of 
torch heating was impractical, because 
the heat conducted to the punchings 
tended to carbonize the insulating var- 
nish. However, by using high-frequency 
induction, the heat could be so localized 
and the time interval used so short, that 
little heating of the punchings took place. 
Also, since the entire brazing operation 
could be performed while in a press, no 
loosening was encountered. 

The manufacture of a small terminal 


Figure 7. Terminal 
bushing assembly in 
which brazed joint 
and fused glass on 
rim were heated 
simultaneously 


Complete 
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to be sealed in a glass bushing required 
two heating operations. First, the copper 
stud had to-be silver-brazed to a nickel- 
steel allgy cup using a gas torch. Then, 
after spraying the rim of the cup with 
a suspension of finely divided glass in 
alcohol, the whole was fired in a muffle 
furnace to fuse the glass preparatory to 
sealing it into the insulator. These two 
operations are performed simultaneously, 
and a much more uniform product 
achieved by the induction heating method. 
The coil used is so proportioned that, as 
the proper temperature is reached for 
brazing at the joint, the flange is at the 
fusing temperature of the glass. The en- 
tire operation is complete in five seconds. 

In the assembly of Calrod heating units 
the bushings and terminals are brazed in 
place. A great variety of metals must 
be heated since nickel-silver, copper, 
brass, and steel are all used for various 
applications. Also, the Mycalex insulat- 
ing pieces must not be overheated or dam- 
age will result. Although the steel parts 
could be successfully heated using inter- 
mediate frequencies generated by rotating 
machines, high-frequency vacuum- 
tube equipment is used to obtain flexi- 
bility of operation throughout the range 
of materials used. Preformed silver 
solder rings are used. All operations be- 
ing automatically controlled, there is no 
possibility of overheating or burning of 
the pieces. A further application of this 
machine has been the reclamation of 
short pieces of tubing previously regarded 
as scrap, since efforts to braze them to- 
gether had been expensive and in many 
cases resulted in a weak joint. However, 
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because of the uniformity of the brazed 


joint and the automatic operation made 
possible by inductive heat, these pieces 
are now being used successfully. 

Because soft soldering is a low-tem- 
perature operation amenable to the use 
of resistance heating, only high-produc- 
tion items of an unusual nature have pre- 
viously been attempted by induction 
methods. However, with the present- 
day enforced use of high-temperature soft 
solders, this application has been expand- 
ing rapidly. 

In the manufacture of crystals as used 
in radio apparatus, one form of the crys- 
tal assembly is mounted on a header and 
enclosed in a shell very similar to the 
familiar small metal radio tube. The 
shell is soft-soldered to the base or header. 
This operation was performed in the past 
by pretinning the flange on the shell and 
the rim of the base and making the final 
joint in a ring burner, adding such solder 
as was necessary. However, the prod- 
ucts of combustion of the gas used some- 
times condensed on the crystal surface 
and seriously affected its operation. Also, 
the heat transmitted through the support- 
ing bracket occasionally cracked the 
crystal. By heating inductively, the 
heat is entirely confined to the rim, and 
the operation considerably speeded up. 


VI. Applications—Dielectric 
Heating 


Dielectric heating of nonconducting 
materials is the newest application in the 
field and shows great promise of rapid de- 
velopment. ‘Already one large unit has 
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; 
been placed in operation curing the glue 
in plywood with promise of many other 
such installations.* Several unsuccess- 
ful trials have been made to cure rubber 
by this method, but the applications to 
plastics, ceramics, and insulating com- 
pounds are progressing rapidly. 

Not only will this type of heat reduce 
the time of curing of many plastic parts 
(a reduction in the case of thick laminated 
plastic insulating compounds of from 
hours to minutes), but it will allow the use 
of some types of plastics in forms pre- 
viously impossible because of the difficulty 
of properly curing the material. Within 
the next two years it is expected that con- 
siderable progress will be made in this 
direction. 


VII. Closure 


A word of caution regarding the appli- 
cation of this type of equipment. The 
rotating machine and the high-frequency 
oscillator supplement but cannot replace 
each other. It is neither economically nor 
theoretically sound to attempt to heat 
large regularly shaped steel parts by use 
of oscillators, nor is it wise to use rotating 
machines of high power to heat a small ir- 
regular part where a low power oscillator 
could be applied. There is little over- 
lapping of their respective fields of ap- 
plication, but, because of the great num- 
ber of factors which must be considered, 
no broad definitions of their fields can 
be made. Thus each application must be 
judged on its own merit. 
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Energy Flow in Electric Systems — 
the Vi Energy-Flow Postulate 


JOSEPH SLEPIAN 


FELLOW AIEE 


yynopsis: The conditions which a valid 
ostulated electric-energy flow must satisfy 
re given and are stated to be insufficient 
or its unique determination. The com- 
nonly used Vz energy-flow postulate is 
hown by examples to be not generally 
alid, but by adding a simple term it can 
made equally valid with other valid 
nergy-flow postulates. Various examples 
re given of the application of this corrected 
nergy-flow postulate. On power systems 
he engineer commonly limits his use of the 
ncorrected Vi postulate to applications 
rhere the correcting term should have a 
egligible net effect. Various examples of 
uch use are discussed. 


. Introduction 


MONG power electrical engineers the 
following postulate as to electric- 
nergy flow is extensively used. Let V be 
he electric potential at any particular 
oint, referred to some arbitrarily chosen 
oint of zero potential. Let 7 be the cur- 
ent density at that point. V, of course, 
; a scalar quantity, having magnitude 
ut no associated direction in space; 7 is 
vector, having magnitude and also di- 
ectionin space. The product Vz is a vec- 
or and is postulated to describe or repre- 
ent the density of a flow of electric energy 
1 watts per square centimeter, V being 
1 volts and 7 in amperes per square centi- 
1eter. In particular, the point in ques- 
ion may be a point in the cross section of 
linear conductor or cable. The postu- 
ited electric-energy-flow density may be 
itegrated over the section of the con- 
uctor to give the total postulated energy 
ow along the conductor. If, as is usually 
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the case, the potential V is constant over 
the section of the conductor, then the total 
postulated energy flow will be VJ, where 
I, a vector, is the total current flowing 
over the section of the conductor. This 
will be the reading of an instantaneous 
wattmeter connected into and to the con- 
ductor at that point. The average in time 
of this quantity VJ will be the reading of 
the usual wattmeter at that point. 

What are the phenomena which can be 
actually observed which justify or make 
valid the energy-flow postulate, if it is 
valid? They are the following. At some 
points in space electric energy is being 
generated or created. By that is meant 
that energy of some other well-known, 
recognizable, and measurable form is dis- 
appearing, and at the same time electric 
manifestations are taking place there, 
such as the flow of currents, the appear- 
ance of electric fields, and so forth. Thus, 
in a generator chemical energy of a pile 
of coal is disappearing, or potential energy 
of water in a reservoir is lessening in 
amount. Ina discharging battery chemi- 
cal energy is disappearing. In a thermo- 
couple heat energy at the hot junction is 
disappearing at a rate greater than the 
heat energy appearing at the cold junction. 

At other points in space recognizable 
and measurable forms of energy are ap- 
pearing or being created, with simul- 
taneous electric manifestations. In an 
electric oven heat is appearing in measur- 
able amount. In an electric motor, me- 
chanical energy is appearing as, perhaps, 
in the increasing potential energy of a 
rising elevator. In an electrochemical 
plant the chemical energy stored in mat- 
ter is being increased. 

Also, at various points in space electric 
and magnetic fields make their appear- 
ance, and it is found necessary, if the law 
of conservation of energy is to remain true, 
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to assign a stored electromagnetic energy 
to these fields. It is commonly said: 
“It takes work to produce these fields.”’ 
Where, as in the core of a reactor, there 
is a magnetic field, it is customary to as- 
sign a stored energy per cubic centimeter 
of amount (10~7/87)H-B joules where H 
is the magnetic intensity, and B is the 
magnetic induction in gauss. Where, as 
in the dielectric of a capacitor, there is an 
electric field, it is customary to assign a 
stored energy per unit volume of 1/, H-D 
where E£ is the electric intensity in volts 
per centimeter, and D is the electric in- 
duction in coulomb-centimeters. In 


empty space, these assigned stored energy 
10-7 
densities are respectively i ok and 


eal at Ong 
81 

If these energy densities are integrated 

over all space, they give correctly the total 

energy which must be regarded as stored 

in the electromagnetic field if the law of 

conservation of energy is to remain true.* 


FE? joules per cubic centimeter. 


At the various points of space this 
stored electromagnetic energy will be 
appearing or disappearing accordingly as 
the electric and magnetic fields are in- 
creasing or decreasing in intensity. 


The postulated energy flow may be said 
to be substantiated, made valid, justified, 
or established if it properly co-operates 
with or fits in with these observable phe- 
nomena which have just been described. 
Where electric energy is being generated, 
the postulated energy flow must show 
energy flowing away and in proper 
amount. In regions where electric energy 
is being consumed, the postulated energy 
flow must make energy approach in proper 
amounts. At places where electric and 
magnetic fields are changing, and with 
them the associated stored energy, the 
postulated energy flow must make ap- 
proach or recede the proper amounts of 
energy. 


* It turns out that these energy densities are not the 
only ones which may be assigned to the various 
points of space, which will integrate to the correct 
total electromagnetic energy. See, for example, 
reference 1. Therefore, these stored energy densi- 
ties do not have a unique validity. However, in 
this paper, only these assumed energy densities 
will be considered in their relation to postulated 
energy flow. 
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Figure 1 (left). Field 


2141-2 


E, in plane perpendicu- 
lar to line 


Figure 2 (right). 


Field 


E, in plane through line 


The conditions establishing the validity 
of the postulated energy flow may be 
stated more exactly in this way. Con- 
struct a closed geometric surface any- 
where in the electric system. Determine 
the postulated energy-flow density at 
every point of the surface. Integrate over 
the whole surface, obtaining the postu- 
lated total energy flow outward through 
the surface. This total energy flow out 
must correspond to the total changes 
taking place within the region enclosed 
by the surface. That is, the total energy 
flow out through the surface calculated 
according to the postulate must equal the 
excess of the rate of generation of electric 
energy over the sum of the rate of con- 
sumption and rate of increase of storage 
of electric energy within the surface. 

It will be evident at once to the trained 
mathematician, and after a little study 
to the more lay engineer, that the condi- 
tions just given are not sufficient for de- 
termining uniquely an energy flow. For 
the postulate must merely direct the 
energy from the various generation points 
to the various consumption points, in their 
totality; which generation point is to feed 
which consumption point, and by what 
route, is completely undetermined so far 
as concerns any phenomenon which can be 
actually physically observed. Infinitely 
many postulates may be devised which 
will all be equally valid and equally well 
established by the conditions which have 
been described, and which are the only 
conditions available for defining an energy 
flow. 

Actually, a postulated energy flow 
other than the Vz postulate, which is the 
subject of this paper, is very widely used, 
and not merely in abstract theory but for 
practical calculations, by radio engineers 
and physicists. This is the Poynting 
vector postulate about which there is an 
extensive literature. We will not stop 
for a description of this Poynting vector 
postulate in detail at this stage. Suffice 
it to say that it is in its details completely 
different from the Vi postulate. In gen- 
eral, in an electric system it will lead 
energy from any particular generation 
point to a consumption point other than 
that to which it will be led by the V7 pos- 
tulate, and where it leads energy from the 


{ For description of energy flow in usual electric- 
power machines, according to the Poynting vector 
postulate, see Slepian, Electric Journal, volume 16, 
July 1919, page 303. 
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same generation point to the same con- 
sumption point, it will in general do so 
by a different route. 

Calling attention to the lack of unique- 
ness of the validity of any and all valid 
energy-flow postulates is not however the 
primary purpose of this paper. It is 
rather to examine the Vz postulate 
and to determine whether it in itself is 
valid or established in the only physically 
verifiable sense which has been just de- 
scribed. The completely general validity 
of the Poynting vector postulate has been 
established (with the formulas for stored 
electromagnetic energy given above) by 
mathematical derivation from Maxwell’s 
equations. The validity of the Vz pos- 
tulate can then be determined most con- 
veniently by checking by well-known 
mathematical operations whether it is 
equivalent to the Poynting vector postu- 
late in the sense already explained. This 
has been done in another paper.! 

It turns out that the Vz postulate is 
not generally valid, that is, it is not gen- 
erally equivalent to the Poynting vector 
postulate. By adding a simple term, how- 
ever, a new or enlarged Vz postulate may 
be given which is generally valid. It so 
happens that as usually used by electric- 
power engineers the contribution of this 
added term is negligibly small. Hence, 
no error is committed by the use of watt- 
meter readings in the usual way for the 
usual and proper purposes by the engi- 
neers of electric-power systems. 

Without going into the detailed mathe- 
matics, this paper will show how the 
simple V7 postulate fails in many simple 
cases. It will describe the term which 
must be added to make the enlarged Vi 
postulate universally valid and will show 
in simple cases how this term makes com- 
plete the Vz energy-flow picture. It will 
show also that this term makes a negligible 
contribution in the usual use of watt- 
meters on power systems for usual proper 
purposes. To do these things, however, 
it is necessary to examine somewhat care- 
fully the meaning of the electric potential 
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Figure 3 (left). 
field around line 


Figure 4 (right). 
electric field E, 


V, the current density 7, and the nature 
of the electric field. 


Il. The Electric Potential, V 


The potential difference between two 
points is frequently defined as the integral 
of the electric force from the one point to 
the other, or, in other words, as the work 
which must be done in moving a unit 
positive charge from the one point to the 
other. This is equivalent to saying that 
it is the reading of a suitable voltmeter 
connected to the two points in question. 

For d-c systems, where electric and 
magnetic fields are steady and unchang- 
ing, this definition is satisfactory. In this 
case the electric-field intensity is the nega- 
tive gradient of the potential so defined. 
In this case also the simple Vz postulate 
is generally valid. 

In this d-c case, the electric field and 
the potential of which it is the negative 
gradient can be calculated from the dis- 
tribution of charges. If there are no di- 
electrics, the potential V is given by 


v= ff fi 4) 


where ¢ is the charge density at any vari- 
able point, r is the distance from this 
variable point to the point at which the 
potential is being determined, and the 
integration is carried out through all 
space. If dielectrics are present, then a 
term must be added under the integral 
of equation 1, giving the effect of the | 
polarization density in the dielectrics, but 
for simplicity we shall leave this out of 
the formula, as it can be readily supplied 
by those readers sufficiently trained to 
feel the lack of it. The electric field is 
then given by 


E=-—grad V (2) 


In the case of an a-c system, however, 
the definition of the potential given at the 
beginning of this section fails. The work 
done in moving a unit charge from one 
point to another is no longer uniquely de- 
termined. The work done is different 
according to the path chosen in going 
from the one point to the other. For 
example, the work done in moving a 
charge from a point near the core of a 
transformer to a point diametrically oppo- 
site, by a path half way round the core, 


Magnetic 


Induced 
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arge is moved from the one point to the 
th her in the other direction round the core, 
| a suitable voltmeter is connected be- 
veen the two points, the reading will be 
different according to whether the leads 
go round the core by the one path or the 
other. 

We may however define a function cal- 
culated from the observable distribution 
a charges (and polarizations of dielec- 

ics) by means of equation 1. We shall 
call this the Maxwell scalar potential,? 
Vu, so that 


Vue= of) Hf sf < as (3) 


Of course, the electric field is not the nega- 
tive gradient of this scalar potential 


Ex —grad Vy (4) 


In fact E is not the gradient of any po- 
tential. 

We may regard the electric field E as 
made up of a superposition of two fields, 
F, and Fo, 


E =F; +E, (5) 
where 
EF, = grad Vur (6) 


F, may be said to be the field produced 
electrostatically by the charges defining 
Vu. 

If a charge is moved around in a closed 
path, the work done against the compo- 
nent field /, is necessarily zero, since EF; is 
the gradient of a potential. If there is a 
net work, not zero, done by the charge in 
yoing round the closed path in the total 
field #, it must be the work done against 
the component field E,. Thus the integral 
of E, around a closed path is in general 
aot zero. By Faraday’s law, this integral, 
sometimes called the induced electromo- 
tive force, is equal to 1/108 times the rate 
of change of the enclosed magnetic flux, 
he units of electric field and magnetic 
lux being the usual volts per centimeter 
ind maxwells. 

The lines of force of the field Z, cannot 
erminate on any charge, since equations 
3 and 6 make £, bring to or from all the 
‘harges all the corresponding lines of 
orce, thus leaving no charges for the 
ines of EZ, to terminate upon. The lines 
f force of E; then must form closed loops, 
inking varying magnetic flux. /, may 
hen be said to be the electric field in- 
luced by the varying magnetic field, and 
o have no electrostatic character. 


Physicists now more generally use the retarded 
calar potential of Lorentz. Except for very long 
nes in power systems, or high frequencies, this 
tential will differ very slightly from the scalar 
otential of Maxwell, which is used here because of 
-s simpler description. 
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Ratematically the defining re catties 
of £, and E; are as follows: 


div E,=—4rf, ¢ in appropriate units (7) 


div E,=0 (8) 
curl F, =0 (9) 
curl FE: = -1/10 (10) 


It appears that the potential used by 
electric-power engineers is precisely the 
Maxwell scalar potential which has just 
been described. 

For example consider a single trans- 
mission line parallel to the surface of a 
good conducting earth, which is taken as 
having zero potential. The charges on 
the line by themselves, if they were un- 
varying, would produce the field £, with 
lines of force lying nearly completely 
in planes perpendicular to the line, as in 
Figures 1 and 2. The slight curvature in 
the lines of force of /,, and their inclina- 
tion to the line, shown in Figure 2 some- 
what exaggerated, are due to the charge 
density on the line decreasing from left to 
right, due to the decreasing ‘‘potential’’ 
of the line. 

The current in the line, produces the 
magnetic field shown in Figure 3, the lines 
of magnetic force lying in planes perpen- 
dicular to the line. If the current is in- 
creasing, the magnetic field also increases 


and induces an electric field H» whose lines. 


of force are nearly parallel to the line as 
in Figure 4. This field is strongest at the 
line, where it is nearly equal, and opposite 
in direction to the component of the field 
E, which is parallel to the line. The 
parallel component of the net field, /, at 
the line is that required by the ohmic re- 
sistance of the line to the current it is 
carrying. The total field E is the sum of 
the electrostatic field /, and the induced 
field 2». 

To determine the potential at a point 1 
in the line, the power engineer connects a 
voltmeter from that point to the ground 
immediately below. That is, he integrates 
the electric force along a path in the 
plane perpendicular to the line. Since 
such a path is perpendicular to /», he 
essentially integrates the field /, alone 
and, therefore, by equation 6, determines 
the Maxwell scalar potential, Vy,, at the 
point 1 of the line. 

To determine the potential at a second 
point 2 in the line, the engineer connects 
his voltmeter from the point 2 to the earth 
immediately below, and not to the earth 
point used for getting the potential at 
point 1. To find the potential difference 
between points 1 and 2, the engineer takes 
the difference between the potentials so 
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determined. He does not connect a volt- 
meter from point 1 to point 2 with leads 
running parallel to and along the line. If 
he did, the field 2, would contribute to the 
integral of F from 1 to 2 and he would get 
a result differing from that obtained by 
his usual procedure. He would say that 
this last procedure would give him only 
the resistance drop in the line, whereas 
his usual procedure gives him the total 
(resistance plus inductance) drop in the 
line. It is clear then that the power engi- 
neer uses the Maxwell scalar potential. 
Therefore, subsequently in this paper, the 
subscript M will be dropped from the V 
symbol for potential, it being understood 
that the Maxwell scalar potential is that 
which is meant. 


III. The Corrected Vi Postulate 


The appearance of the induced field F, 
is one of the features which distinguishes 
the variable-state or a-c system from the 
steady-state or d-c system. If H,is absent 
or negligibly small, then the usual energy- 
flow postulate, 


Pi=Vi (11) 


is generally valid, provided 7 includes dis- 
placement currents as well as conduction 
currents, as will be explained in the next 
section. If however, EH» is not absent, 
equation 11 becomes invalid. Then the 
following energy-flow postulate, 

P= vite "EX H] (12) 
is generally valid. The bracket symbol in 
equation 12 indicates the vector product 
of E, and H, whose meaning will be ex- 
plained later in examples. The two terms 
in P, may be called respectively the con- 
ductive and inductive components of the 
postulated energy flow. 


IV. The Current Density i— 
Example of Variable-State 
System Where P, Is Valid 


To see how the inclusion of displace- 
ment currents in 7 makes P, valid as long 
as FE» is absent, consider the following ex- 
ample: 

A sphere of radius R, far removed from 
other objects, is charged to potential V,. 
It is then surrounded by a spherically 
symmetrical radial electric field, with 


1 . : 
V=V,R : ,and H=V,R jwhere ris the dis- 
r r 


tance from the center. There will then bea 


; islttlosG) ee 
stored energy density, T= see ae 
’ 81 
A101 
pee V,2R?— joules per cubic 
81 ip 
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centimeter in the space around the sphere. 

Now let the sphere be joined by a fine 
high-resistance wire to the remote ground. 
The sphere slowly discharges by the con- 
duction current through the wire. The 
small current flowing produces a magnetic 
field, but let us suppose it is so small that 
we may neglect the stored energy which is 
associated with it and also the small in- 
duced field EL, which it produces by its 
slow change. 

The stored energy in the electrostatic 
field slowly disappears, and a correspond- 
ing amount of heat appears in the wire. 
The valid energy-flow postulate, P,= Vi 
must show energy flowing from the space 
where it is initially stored to the wire 
where it appears as heat. 


In the wire itself, let the total conduc- 
tion current be J, At a point where the 
potential is V,, the postulate P; asserts 
that there is an energy flow in the wire 
equal to V,J watts away from the sphere. 
Ata more remote point on the wire, where 
the potential is V,, the energy flow in the 
wire is V,J, watts away from the sphere. 
V,I is less than V,J, the difference being 
(V,—V,)L. But if €.) is the resistance of 
the wire in ohms between points a and 3b, 
Va-Vo=Sal, and (Va—Vs)I=Sanl? 
which is precisely the joulean heat de- 
veloped in the wire between a and 0. 
Thus the postulate Pi= Vz shows energy 
flowing from the sphere down the wire 
where it appears as heat at the proper 
places and in the proper amounts. 


But the valid postulate P)= Vz must 
also show how the energy stored in the 
electrostatic field arrives at the sphere so 
that it may be directed thence into the 
wire. The displacement current density 
comes to the rescue for this purpose. 

Where an electric field # is varying, in 
free space, a displacement current density 

. —12 

is defined as ee amperes 
per square centimeter. In the present ex- 
ample E is decreasing so that there is a 
displacement current density flowing in- 
wards towards the sphere given by 7= 
111-107 ,dVo1 

i ar The total displace- 
ment current flowing inwards over the 
surface of a sphere of radius 7, will be 


dV, 
ate Otek The potential 


: <efll 
at 7, being RV,—volts, there is a total 
Ya 


energy flow inwards across the surface, 


according to the Vz postulate, of 
dV, dV,1 

1,11:10-PR?V,—" —*- watts. Acrossa 
dt dtfq 


more remote sphere, of radius 7, the total 
energy flow inwards is 1.11-10-"R2V, X 


838 TRANSACTIONS 


a Hg The flow inwards across the inner 


dt Yo 
sphere exceeds the flow inwards across 


dV, 
the outer sphere by 1.1:10-?R?V, rs x 


(:-) watts. This should be equal to 


Fats 
the rate of decrease of the energy stored 
in the shell between the two spherical 
surfaces. 

But integrating the stored energy den- 


1 
sity, Fe LL LO Vg over this 
if 


. =3 
ee VR? X 


spherical shell, we get 


i it 
(--) joules. The rate of change of 
a) 


Ya 

: , —12 dVo (2-1) 
this energy, 1.11:10-!V, A R fae 
checks exactly with the assertion of the 
Vi postulate in the preceding paragraph. 

Figure 5 shows diagrammatically this 
flow of the stored energy to the sphere and 
thence to the wire according to the Vz 
postulate. For comparison, Figure 6 
shows the energy flow according to the 
Poynting vector postulate. 


V. Example of Failure of Simple 
Vi Postulate 


Consider a long straight linear con- 
ductor of circular section and radius R. 
Let a current flow in it which is increasing 
at a constant rate, J=J,t. Let the return 
circuit be the parallel-plane good conduct- 
ing ground a considerable distance below 
the conductor. 

There will be a magnetic field surround- 
ing the conductor as in Figure 3, and this 
field will be increasing in strength at a 
constant rate. The stored energy asso- 
ciated with this field and distributed in 
the space will also be increasing. A valid 
energy-flow postulate must show a flow 
of energy into these regions where the 
stored energy density is increasing. 

A potential drop (Maxwell scalar po- 
tential drop) will exist along the line, 
called by the engineer the inductive drop 


Figure 5 (left). 


Figure 6 (right). 
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Energy flow for discharging >) 


sphere by Vi postulate 


along the line. Neglecting the ohmic 
resistance of the line this potential drop 


will be constant in time. Associated with — 


this distribution of potential on the line 
will be an electrostatic field , as pictured 
in Figure 2. This field will be constant in 
time. 

The steadily increasing magnetic field 
of Figure 3 will induce an electric field EZ» 
as pictured in Figure 4. This induced 
field E, is also constant in time. 

Let us apply the simple P;= Vz postu- 


late to this case. It shows an energy flow - 


in the line at each point of an amount VI 
watts, where V is the potential at the 
point. Everywhere else, other than in the 
line, the current density is zero. There is 
no displacement current in the space be- 
cause the electric fields £, and E» are 
constant in time. The simple Pi= V2 
postulate then shows energy flowing in 
the line and nowhere else. 

Consider a short length of the line. 
Because the potential at the entering 
end is larger, the energy flow entering the 
section is greater than that leaving the 
section. Hence, if the simple Vz postulate 
is valid, there should be appearing in the 
section an increasing amount of some form 
of energy, such as heat for example. 
But no such energy appears there! The 
simple Vi postulate fails! 

Likewise, out in space the stored mag- 
netic energy is increasing. The Vz postu- 
late should show an energy flow bringing 
this stored energy to its proper position in 
space. It doesnot! It fails! 


VI. Success of the Enlarged 
Postulate, P,= Vite [Eex His 
Tv 
With Preceding Example 


The bracket in the second or inductive 
term of the enlarged postulate, Ps, denotes 
the vector product of the induced electric 
field EH, and the magnetic field H. This is 
a vector which stands perpendicular to 
both £, and H, with direction given by 
the right hand rule, that is, the direction 
of advance of a right-hand screw when 


Energy flow for discharging 
= sphere by Poynting vector postulate * 
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eae Ces a 


turned in the sense which brings E, most 
juickly into line with H. Its magnitude 
is equal to the product of the magnitudes 
of E, and H, respectively, and the sine of 
the angle between them. 

_ Let the induced electric field E, have the 
Ce . Ex at the conductor itself. The 
Maxwell scalar) potential gradient along 
the conductor will have the same mag- 
nitude as Ex, since we are neglecting the 
ohmic resistance of the line, but will be 
oppositely directed. 

Let the length of the portion of the 
line we are considering be / centimeters. 
The potential drop through this portion 
will then be /|E2|, |E2| being the magni- 
tude of the vector Ex». The tirst or con- 
ductive term of P; then will give an excess 
of energy entering the one end of the line 


2-7 


“igure 7. Energy flows about line carrying 
increasing current by P, postulate 


»ortion over that leaving the other end 
oy an amount equal to /|Ex|I watts. 

At the surface of the line, the magnetic 
ield H, is perpendicular to the line and 


2I 
Fo and has the magnitude |H|,= —. 
20 gn | |, 10R 


The second term of P, then shows an 
snergy-flow density leaving the conductor 
2I 
10R 2 
yer square centimeter. Multiplying by 
he area of the surface of the line, 27Rl, 
ve find the second term showing an energy 
iow out of the line of an amount /|Ey|I 
watts. Comparing with the preceding 
yaragraph we see that the enlarged postu- 
ate P, calls for the appearance in the line 
~f heat or other energy of amount zero! 
n the line P2 succeeds! 

In the space outside the line, while the 
irst term of P2 shows zero energy flow, 
he second or inductive term shows energy 
low radially outwards into space. It is 
1ot difficult to show that this radial flow 
s of just the proper amount to account 
or the increasing magnetic energy stored 
here. Figure 7 shows diagrammatically 
he energy flow about the line according 
Oo 12, 2. 

P, succeeds everywhere! It must, 
ince it has been shown in the paper of 


Be of eal Bo tt 
urface of 7 |F2 Lal, watts 
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footnote 1 that it is equally valid with the 
Poynting vector postulate. 


VII. Energy Flow in Transformer 


It is instructive to trace the flow of : 


energy in a transformer according to the 
simple and enlarged Vi postulates. The 
simple Vi postulate fails, of course. The 
enlarged postulate succeeds because of its 
inductive term, 


In each turn of the primary of the 
transformer, there is a potential drop 
equal to the induced voltage per turn, V;, 
if the resistance drop is neglected. Ac- 
cording to the simple V7 postulate then, 
more energy flows into the turn than out 
by an amount V;J, watts, where J, is the 
primary current. The simple V7 postulate 
then makes Vy, (n)=nrumber of pri- 
mary turns) watts disappear in the pri- 
mary, apparently causing energy to be 
annihilated. 

Similarly, the simple Vi postulate calls 
for the apparent creation of energy in the 
secondary at the rate V,n,/, watts. 

The second term of the enlarged Vi 
postulate avoids this apparent distressing 
destruction of energy in primary and crea- 
tion of energy in secondary by providing 
an energy flow from primary to secondary. 

Between the primary and secondary 
coils there will be a magnetic field per- 
pendicular to the coil wires, Figure 8. 
This field will have magnitude approxi- 


4 
mately | H|= wnt ? where J; is the length 
1 
of the coil. Between the coils there will 


also be an induced electric field /, with 
lines of force remaining parallel to the coil 
wires and perpendicular to H. The mag- 
nitude of E» will be approximately |E| = 


J ; . 

— where J, is the perimeter of a turn. 
According to the second term of Pa», 

then, there is an energy flow from primary 


Vityly 


10 
to secondary of i [E.xH]= ~ watts 
™ 


142 

per square centimeter. Multiplying by 
lo, the total area carrying this energy-flow 
density, we get V,n,/, watts carried across 
from primary to secondary by the second 
term of P», which is just the energy brought 
into the primary by the first term V7. 


VIII. Relationship Between 
Poynting Vector Postulate and P, 


The Poynting vector postulate asserts 
the presence of an electric-energy-flow 
density given by 


as [EX H] watts per cm? (13) 
Tv 
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It differs from the enlarged Vi postulate, 
P,in making all the energy flow inductive, 
and none conductive. 

This suggests that the resolution of the 
energy flow into a conductive and induc- 
tive component as in P» is largely arbi- 
trary. This is true. 

Let V’ be any arbitrary scalar function 
of position in space. Let /;’ be a vector 
function of space defined by 


E,'=—grad V’ (14) 
Let E,’ be defined by 
A= Ey!+E,! (15) 


Then it is readily shown that the energy 
flow postulate 


10 
Po! = Vi! + —[Bn! XA] (16) 
4a 


is equally valid with P and P». 

This bears out the statement made in 
the introduction that infinitely many valid 
energy-flow postulates may be devised. 

The Poynting vector P, and the cor- 
rected Vz postulate P2, are special cases 
of equation 16, obtained by respectively 
taking V’=0, and taking for V’ the 
electric potential V. 


IX. Validity of Simple Vi Postulate 
for Usual Proper Purposes on 
Power System 


The power-system engineer postulates 
an energy flow in his lines given by con- 
nected wattmeter readings and with this 
postulate carries on his usual technical 
and commercial operations. This postu- 
late is identical with the simple V7 postu- 
late (except for the omission of displace- 
ment currents) which we have seen is not 
generally valid. The postulate can be 
made valid by the addition of the induc- 
tive term of Pz. Hence, since the engi- 
neer is successful in his usual operations, 
we conclude that he limits himself to those 
applications where the contribution of 
the inductive term of P2 is negligible. 

We have also seen that even the valid 
enlarged Vi postulate, P2, is not uniquely 
valid. Hence, again since the engineer is 
successful in his usual operations, we con- 
clude that he normally limits himself to 
those questions for which all valid postu- 
lated energy flows will give the same 


FIECO THs 
BETWEEN 6 
COILS —_ 


Figure 8. Magnetic field in transformer 
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SURFACE Figure 9 (left). Energy of = -------- Fe as grees ha) < 
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i) 1 ‘ 
agen j Te. eto | 
answer. In referring back to the intro- Figure 10. Energy of generators by wattmeters 


duction, there is only one question to 
which all valid energy-flow postulates 
give the same answer, namely, the follow- 
ing: In a given region of space, in which 
there may be any and various kinds of 
electric apparatus, what is the excess of 
the total electric-energy generation over 
the sum of the total energy consumption 
and the increase in electric-energy stor- 
age? 

Before giving examples, it is well to 
point out one use of wattmeter readings 
which is frequently made and which does 
not involve the energy-flow postulate at 
all. It is for determining the loading or 
heating of lines. 

Now, the heating of a line certainly 
does not depend on any so intangible and 
intrinsically indeterminable a thing as a 
postulated energy flow. The heating is 
determined only and entirely by the cur- 
rent through it, and this is measured un- 
equivocally by an ammeter. However, 
from the wattmeter reading the engineer, 
if he knows the usual voltage and power 
factor of the line, can make an estimate 
of what the current may be and thus esti- 
mate the loading or heating of his line. 
But in doing this the engineer is really 
using the wattmeter, together with his 
other knowledge of the line, as a kind of 
devious ammeter. Regardless of how he 
may colloquially refer to energy or power 
or the line, he knows that the heating of 
the line is determined by the current 
magnitude only. 

As a first example, consider the deter- 
mination of the energy generated by a 
generator. The engineer places watt- 
meters in all the leads coming from the 
generator, adds their readings algebrai- 
cally, and asserts that number so obtained 
is the desired generation. He will be 
right if the inductive term of P, makes 
no contribution. 

Surround the generator by a closed sur- 
face passing through the points in the 
leads where the engineer connected his 
wattmeters (Figure 9). The validity of 
P, ensures that, when integrated over this 
closed surface, it will give the net rate of 
energy generation in the generator since 
the energy stored remains constant. The 
conductive term, Vz, of Ps, will be zero 
everywhere in the surface except over the 
sections of the generator leads. This 
term integrated over the surface will 
equal the sums of the wattmeter readings. 

FE, and H which enter into the inductive 
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Incorrect connection 
1 ‘ 
term, cles XH] of Ps, will each be negli- 
1 


gibly small on the surface, except in the 
neighborhood of the leads. There, as ex- 
plained in sections V and VJ and shown 
in Figure 3, 2 is parallel to the leads and 
therefore perpendicular to the:surface. H 
however will lie parallel to the surface. 


Hence XH | lies entirely parallel to 
7 


the surface arid makes zero contribution 
to the total energy crossing the surface 
by the P, postulate. Hence P, integrated 
over the surface equals the sum of the 
wattmeter readings, and the engineer’s 
usual use of wattmeters for determining 
the energy generation of a generator is 
justified. 

It is clear from this discussion that the 
validity of the use of wattmeters alone in 
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the preceding example depends on the 
points of attachment of the wattmeters to 
the leads lying in a surface which is per- 
pendicular to the E> field. The engineer is 
aware of this. If one of the wattmeters is 
displaced along one of the leads from its 
proper position, as in Figure 10, the engi- 
neer knows that the sum of their readings 
will no longer equal the rate of energy 
generation in the generator. Ordinarily 
he will say that this is due to the induc- 
tive action of the leads, each on the other. 
This paper describes this situation by ob- 
serving that the inductive term of P» in 
this case asserts a flow of energy not zero 
over the portion of the enclosing surface, 
which lies parallel to the leads. 

Another example: The engineer will 
not attempt to determine the losses in 
the primary coil of a transformer by means 
of wattmeters alone. In referring to Fig- 
ure 11, showing a transformer diagram- 
matically, it is clear that for a surface 
which encloses the primary alone, there 
will necessarily be some portions across 
which the inductive term of P, will also 
assert there is an energy flow, as explained 
in section VII, and this energy flow must 
be added algebraically to the wattmeter 
readings to obtain the primary losses. 
However, the engineer will not hesitate to 
determine the total losses in a transformer 
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(left). 
termination of loss in 
primary of a transformer 


alone, since in that case an enclosing sur- 
face may be drawn such that across it the 


inductive term of P2 will assert zero — 


energy flow. 


‘ 


A last example: Two power systems, , 


A and B, operate with an interconnecting 
transmission line, in which wattmeters 
are properly placed. The engineer ad- 
vises that the owners of these systems 
make payments to one another depending 
on the sum of the readings of these watt- 
meters. What is the physical basis on 
which the engineer makes his recom- 
mendation? 

Referring to Figure 12, a surface may 
be drawn through the points of connection 


of the wattmeters and enclosing com-_ 


pletely the system A, such that the con- 
tribution to the energy flow across the 
surface according to postulate P, of the 


inductive term is zero. The contribution — 


of the conductive term will of course equal 
the sum of wattmeter readings. Hence we 
may conclude that the sum of the watt- 
meter readings equals the excess of the 
generation in system A over the sum of 
all the loads and losses in system A. 


Similarly, a surface may be drawn | 
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Figure 12. Power systems interconnected 


through the wattmeter connections and 
enclosing the system B, which will justify 
the statement that this same sum of the 
wattmeter readings also equals the excess 
of the sum of the loads and losses over 
generation in system B. 

Because of this numerical relationship 
between the wattmeter readings and the 
balance between generation, loads, and 
losses on the two respective systems, the 
engineer makes his recommendation that 
the owners of system B compensate the 
owners of system A. The engineer may 
in addition make some irrelevant ‘asser- 
tions concerning energy flow in the trans- 
mission line, while a physicist may equally 
irrelevantly speak of an energy flow from 
A to B through space. 

The owners of the systems are indiffer- 
ent to these reflections of engineer and 
physicist. Their esthetic tastes may per- 
haps be more like that of the engineer so 
that they may prefer an energy flow pos- 
tulate P, which makes some of the energy 
(but not all) flow in wires, to one like P, 
where nearly all of the energy flows in 
space and quite remotely from the wires. 
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Power-System Interconnection in Quebec 
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_. Introduction 


lp main purpose of this paper is to 
} describe the development of a major 
interconnected system located in the 


province of Quebec. 


’ 


By means of a study, based on prewar 
data when stable conditions existed, and 
by suitable illustrations and explanations, 


it is aimed to show how it has been pos- 


sible, through interconnection of three 
important hydroelectric systems, to in- 
crease the combined firm power capacity 


far beyond the sum of the capacities of 


the individual systems if operated in- 
dependently. It will be brought out that 
the diversity in load characteristics and 
hydraulic conditions makes it feasible to 
accomplish this result and to effect other 
desirable economies on these systems, 
which are dependent solely on power 
supply from hydroelectric plants. 

The possibilities of system consolida- 
tion had been under study for some years, 
but the war, with the urgent demand for 
more firm power, forced the issue to a 
conclusion, involving combined power 
resources of nearly 4,000,000 horsepower 
as indicated in Table I. 

Reference will also be made to certain 
engineering features and operating prac- 
tices of these systems, which may prove 
to be of interest. 

II. Description of Geographical 
Areas 


In leading up to a detailed analysis of 
the present interconnected system, it is 


thought desirable to describe briefly the 
areas under consideration. 

The Montreal Area. This area is 
considered as including the territory in 
the immediate vicinity of Montreal Is- 
land on which is located the city of Mon- 
treal. Power is supplied by the Montreal 
Light, Heat, and Power Consolidated 
principally from two power developments 
on the St. Lawrence River. The plants 
of the Montreal Island Power Company 
and of the Canadian Light and Power 
Company also feed into this area. 

Originally, in the year 1900, electric 
service was supplied by a number of small 
isolated power companies, not inter- 
connected in any way and each serving 
its own independent district. In most 
cases standby steam plants were neces- 
sary to guard against the frequent inter- 
ruptions to the supply from the hydro- 
electric plants because of ice trouble, 
breakdown, and other causes. 

In 1902 the Montreal Light, Heat, and 
Power Consolidated was formed and 
acquired jurisdiction over most of the 
isolated systems in and near Montreal. 


It was soon realized that for reasons of 
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But what actually moves the owners of A 
to expect compensation is the physically 
observable fact that the generation in A 
exceeds the sum of the energies billed for 
at all the loads in A plus the losses in A. 
Likewise the owners of B are persuaded 
to make compensation by the-physically 
observable fact that the total energy gen- 
erated in B is less than the sum of the 
energies billed for at all the loads in B 
plus the losses in B. These same physi- 
cally determinable facts as to location 
and magnitude of electric-energy genera- 
tion and consumption, which basically 
are those alone in which owners of power 
systems are interested when engaged in 
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“exchanges of energy,” are also the only 
physically determinable facts on which the 
infinitely many valid energy-flow postu- 
lates will agree. The engineer is quite 
right in choosing one of them, namely 


P.= Vit SIEAXH for determining the 
1 


magnitude of the so-called “exchange of 
energy,” and applying it under such a 
condition that the second term may be 
neglected, and determining the effect of 
the first term by wattmeter readings. 


Reference 


1. Joseph Slepian. Journal of Applied Physics, 
volume 13, 1942, pages 512-18. 
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economy, and to secure better service, 
some consolidation of systems or inter- 
connection between plants was essential. 

While some immediate constructive 
steps were taken in this direction, it was 
found that parallel operation was difficult 
or in some cases impossible because of the 
different frequencies, these being 66, 60, 
and 30 cycles. Furthermore, some sys- 
tems were two-phase, while others were 
three-phase, and even direct-current. 
Eventually by compromising on 63 cycles, 
tying in through frequency changers, in- 
creasing the 30-cycle frequency to 31.5 
cycles, and adopting three-phase alter- 
nating current, a common operating base 
was obtained, but this did not necessarily 
indicate parallel operation of the com- 
bined systems. Actually it was not until 
1923 that all the subsystems of the Mon- 
treal area were operated completely in 
parallel. 

The Shawinigan Area takes in the 
territory on both sides of the St. Lawrence 
River from Montreal to Murray Bay,some 
80 miles below Quebec City, and is 
served mainly by the Shawinigan Water 
and Power Company, the Quebec Power 
Company, and the Southern Canada 
Power Company. 

The Saguenay Area in the Lake St. John 
region is served mainly from plants on the 
Saguenay River by companies under the 
control of the Aluminum Company of: 
Canada, Ltd. 


III. Load, Output, and Hydraulic 
Characteristics of the Individual 
Systems 


In the Montreal Area the St. Lawrence 
River is the chief source of power and has 
a flow which is unusually uniform, the 
average mean flow being 220,000 cubic 
feet per second, while the maximum and 
minimum recorded flows are 318,000 cubic « 
feet per second and 173,000 cubic feet per 
second respectively. The heads involved 
are from 26 to 80 feet; comparatively long 
headrace canals are found, with the main 
difficulties in power output being caused 
by ice jams or other forms of ice trouble, 
occurring during the months of January 
and February. A typical hydrograph 
is shown in Figure 1. 

The nature of the load in the Montreal 
area is that which might be expected in 
any large metropolitan area, with week- 
day load factor in the winter months of 
the order of 68 per cent and an annual 
load factor of 47.5 per cent during the 
prewar period. Maximum peak loads 
occur in the months of November or 
December, with a definite tapering off 
during the summer months. This is well 
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Figure 1. Hydro- 


graphs of St. Law- 
rence, St. Maurice, 


and Saguenay Rivers 


A. Unregulated 


flow, Saguenay River 


B. Regulated flow 


35,000 cubic feet 
per second, 1942 
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G 
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Estimated regu- 


cubic feet per sec- 


ond 1943 


ID). Unregulated 


illustrated by comparing the typical daily 
load curves shown in Figure 2. 

The chief need consequently is peak 
power for short periods during the winter 
months, while during the remainder of 
the year large and variable amounts of 
surplus energy and power are indicated, 
particularly during the months of April 
to November inclusive, with no immedi- 
ate market available. 

From the point of view of output, the 
gross primary kilowatt-hours sold in this 
entire area for 1941 were 3,341,902,000, 
while the corresponding maximum sys- 
tem peak load for primary power was 
586,200 kw. 

In March 1942, there was available 
60-cycle capacity horsepower to the ex- 
tent of 650,000 horsepower apart from 
that available from the Shawinigan Water 
and Power Company under the 160,000- 
horsepower contract. 

In the Shawinigan Area the St. Maurice 
River is the most important source of 
power. It has a drainage area of 16,000 
square miles and is suitably equipped 
for good regulation, having a number of 
storage reservoirs with a total storage of 
13,000 square-mile-feet. This gives an 
indication of the extent to which the river 
is regulated and the possibilities of storing 
water for the combined system. 

By using these storages, the regulated 
flow (Figure 1) can usually be maintained 
at 22,000 cubic feet per second, as com- 
pared with the unregulated minimum flow 
of 6,000 cubic feet per second. The 
maximum flow now experienced is of the 
order of 120,000 cubic feet per second 
which occurs early in May. As a result 
plants on this river have little difficulty 
in maintaining a high rate of output, ex- 
cepting during the high tail-water period 
when in certain cases the plant output 
is markedly reduced. It so happens, 
however, that in the month of May the 
Montreal area is in a position to rectify 
this condition to a great extent, so that 
from the hydraulic standpoint, there is 


842 TRANSACTIONS 


flow, St. Maurice Riv- 
er, 6,000 cubic feet 
per second, minimum 
E. Regulated flow, 22,000 cubic feet per 
second, 1942 
F. Utilization of St. Lawrence River flow, 
1942—164,000 cubic feet per second 


some diversity between the Montreal 
and Shawinigan areas. 

From the load standpoint the Shawin1- 
gan system firm load is of an unusually 
high load factor, being of the order of 92 
per cent on a week day, with an annual 
load factor under prewar conditions of 71 
per cent. The type of firm load includes 
paper mills, aluminum production, car- 
bide and carborundum furnaces, and as- 
bestos mills, as well as a few steel plants. 

Until recently, on account of the im- 
portant paper-mill load which required 
the supply of quantities of process steam, 
large amounts (maximum peak over 
500,000 horsepower) of surplus energy 
were supplied to electric boilers to replace 
coal-fired steam at the mills. This sur- 
plus was not only that obtainable from 
the Shawinigan area proper but also in- 
cluded secondary power purchased from 
neighboring companies. 

Output characteristics of the Shawini- 
gan system during the year 1941 included 
gross kilowatt-hour sales of 6,270,760,543 
kilowatt-hours with a maximum 60-cycle 
firm peak of 868,000 kw. In March 1942 
this area was served by 30-cycle and 60- 
cycle capacity to the amount of 1,154,500 
horsepower aside from the 100,000-horse- 
power firm power contract with the 
Saguenay Power Company. 

In the Saguenay Area, the Saguenay 
River is fed from a watershed area of 
28,100 square miles. The hydrograph of 
this river (Figure 1) is somewhat similar 
to that of the St. Maurice River but is 
fortunately different as to the time of 
occurrence of the high water period, thus 
indicating advantages from interconnec- 
tion with the St. Maurice River plants. 

Prior to 1941 no storage reservoirs on 
this watershed had been constructed for 
regulating the flow of the Saguenay 
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River, but Lake St. John itself (6,080 
square-mile-feet usable storage) is utilized 
to the greatest practical extent from 
December to March inclusive. k 

Regarding load characteristics: before 
the war, power developed in the Saguenay 
area was utilized principally for the pro- 
duction of paper and aluminum and to 
supply the 100,000-horsepower firm power 
contract with the Shawinigan Water and 
Power Company. During periods of 
excess energy, the surplus was utilized 
for electric steam generation, the output 
for this purpose attaining at times the 
value of 375,000 horsepower. Since 1940, 
on account of the tremendous increase 
in demand for firm power, the electric 
boiler load has been discontinued. 

The gross output of the plants in the 
Saguenay area during 1941 was 4,538,- 
000,000 kilowatt-hours with a maximum 
firm peak of 639,000 kw. To serve this 
area, as in March 1942, there was capac- 
ity normally available to the extent of 
1,000,000 horsepower. 


IV. Possibilities of Maximum Uti- 
lization of Resources by Inter- 
connection 


In order to illustrate how the differences 
in the system characteristics of the three 
areas, could be utilized fully, a study has 
been made and a series of curves (Fig- 
ure 3) prepared to show the peak (kilo- 
watt) possibilities, while the kilowatt- 
hour problem is set out in Table Il. The 
data have been based on normal prewar 
conditions in 1939, when interconnection 
was being considered. 

The system in each area is analyzed 
graphically (Figure 3) to show its maxi- 
mum available generator capacity (G), 


Table I. Output Data of Plants Associated 


With Interconnection 


Total 
Rated Size of 
Turbine Largest Num- 
Output Unit ber 
(Horse- (Horse- of 
power) power) Units 
Montreal area supplied 
chiefly by Montreal 
Light, Heat, and 
Power Consolidated... 968,000. .53,000. ..45 
Shawinigan area sup- 
plied chiefly by 
Shawinigan Water 
and Power Company, .1,089,500. .44,500.. .48 
Saguenay or Lake St. 
John area supplied 
chiefly by Aluminum 
Company of Can- 
ada, Ltda... snitrcere 1,850,000. .85,000. ..28 
Miscellaneous Com- , 
EM weGonan nessa e. INT), « GOOW, ..20 
Total. Jet oe ee 3,987,500 horsepower 


Maximum rated capacity operated in parallel 
(2,586,000 horsepower) 1,930,000 kw. 
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wer available (P) as influenced by 
[ raulic conditions, and maximum firm 
load (L) which could be carried if oper- 
ated as a completely independent system. 
) simplify the study, no allowance for 
erve has been made to take care of 
load growth or frequency regulation. 

_ From Figure 3A it may be noted that in 
the Montreal area, the comparatively 
steady power output from the St. Law- 
rence River plants having no storage 
facilities and the metropolitan load of low 
load factor are not an ideal combination 
from the point of view of matching avail- 
ble power facilities and load require- 
ments. In the summer months, even at 
time of peak load, over 100,000 kw sur- 
plus output is indicated, while an addi- 
tional 100,000 kw is available for about 
seven hours each day after midnight. 
his unfavorable situation results in 
plus energy being available to an 
amount of over 800,000,000 kilowatt-hours 
per year (item 1, Table II; see also 
igure 2). 

In the Shawinigan Area, with its large 
storages and regulating possibilities on 
the St. Maurice River, it is possible to 
‘convert the entire available annual 
energy into firm load irrespective of 
daily or seasonal requirements (item 2, 
Table II). The curves (Figure 3B) also 
show that the maximum feasible firm 
load that may be carried at the normal 
‘71 per cent yearly load factor is also just 
‘equal to the limit set by reduced system 
generator capacity during the high tail- 
water period. 

Under these conditions, except for two 
‘months during the spring flood period, 
there is a minimum of about 60,000 kw 
‘reserve generator capacity. This reserve 
is admirably suited to assist in converting 
daily or seasonal surplus energy of adja- 
cent areas into firm power by storing 
such surplus energy in the St. Maurice 
River storage reservoirs and returning 
it as firm power during the winter months 
to satisfy peak requirements. Additional 
generator capacity on the St. Maurice 
River would permit extension of this 
scheme. 

In the Saguenay Area, using average 
runoff for the 41/. winter months, the 
maximum possible firm load to be carried 
is dependent on the fixed storage capac- 
ity of Lake St. John. This results in a 
large amount of idle generator capacity 
during the winter months (Figure 3C) 
and large surplus summer energy (item 
3, Table IT). 

The idle generator capacity during the 
winter months, combined with Lake St. 
John storage facilities, is useful in assist- 
ing in the conversion of surplus night 
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energy in the Montreal area into firm 
power. Furthermore, part of the summer 
surplus energy may be stored in the res- 
ervoirs of the St. Maurice River and 
taken back during the winter months 
and thus be converted into firm power. 

These curves indicate that if each of 
the systems in the three areas were to be 
operated independently ; 


(a). The firm loads which each system 
could carry successfully would be limited 
definitely to the values indicated by the load 
curves (see Figures 3A, 3B, 3C), on account 
of limiting local conditions. 


(b). The equivalent energy (kilowatt- 
hours) consumed by such individual firm 
loads would be restricted to the values given 
in Table IT. 


Such isolated system operation would 
leave a fair portion of the combined total 
resources unused, or inefficiently used, as 
indicated by the following: 


(a). 1.7 billion kilowatt-hours of idle energy 
(from a firm-power viewpoint) equal to over 
18 per cent of the total energy available. 
This corresponds to 260,000 kw (74.6 per 
cent load factor) of unused potential firm 
power (Table IT). 


(b). Spare generator capacity and spare 
power could be made available to all areas at 
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Figure 2. Typical summer and winter week- 
day (1941) firm load curves, Montreal area 


Taken in combination with steady output of St. 

Lawrence River plants, the large amounts of 

surplus energy available for conversion into 
firm power are apparent 


their critical periods during the year, be- 
cause of the diversity in individual system 
power resources and load characteristics 
(Figure 3D). 

These unused resources illustrate what 
potential possibilities a flexible inter- 
connection of the three systems would 
offer for complete utilization of combined 
resources. 
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While it is not represented that this 
study is complete, and without attempt- 
ing to describe in detail any specific co- 
ordination scheme or outline its practical 
execution, which would be most difficult 
without knowledge of how and where the 
reclaimed firm power would be used, it is 
submitted that the study does give a 
measure of the benefits to be derived 
from interconnection and justifies the 
following conclusion; 


“By suitably interconnecting the three 
areas to permit free interchange of power, 
energy, and reserve generating facilities, by 
utilizing the Shawinigan facilities to store 
offpeak energy from neighboring areas, and 
by installing possibly 125,000 kw additional 
generating capacity on the St. Maurice 
River to permit returning the stored energy 
as firm power during the winter months, it is 
found possible to convert almost all of the 
surplus energy of the combined system into 
firm power. 

“Thus a total of 260,000 kw of additional 
firm power may be gained (Table II, item 5), 
based on the combined system firm load 
factor under normal conditions of 74.6 per 
cent. This is illustrated by the curves 
Figure 3E. The capital expenditure in- 
volved for additional generating capacity 
and suitable tie-line connections has been 
estimated to be approximately $38 per kilo- 
watt of firm power reclaimed, as against 
$100 to $125 per kilowatt for new power 
developments.” 


Apart from the low cost and more effi- 
cient use of resources, it was realized that 
proper interconnection would be ex- 
pected to result in better operating flexi- 
bility, increased service security, and a 
number of miscellaneous advantages, 
such as: 

The actual situation in this respect in 
1939 was: 


(a). More complete utilization of surplus 
energy and less combined reserve generating 
capacity required. 

(b). Better regulation of load, frequency, 
and voltage. 


(c). Full advantage taken of diversity in 
load and hydraulic conditions. 


(d). Better maintenance 
equipment possible. 


schedules of 


(e). Deferment of individual system addi- 
tions to generating plants. 


VY. Prewar Conditions 


Although from many such studies and 
frequent discussions, the advantages of 
adequate system interconnection were 
well known, there was no economic justi- 
fication for proceeding, during the prewar 
period, with the execution of any plan 
until the reclaimed power could be sold 
as firm power. 


(a). Each system had large amounts of sur- 
plus power and energy available and was 
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able to derive some revenue from the sale of 
such power to electric boilers, while firm load 
growth was proceeding normally. 


(b). Since the Montreal and Shawinigan 
areas were interconnected in a limited man- 
ner, a portion of the surplus energy in Mon- 
treal area was utilized for electric-boiler load 
on the Shawinigan system. 


(c). The Shawinigan and Saguenay areas 
were not interconnected, but some 30,000 
kw to 50,000 kw were being interchanged, 
when desirable, by transferring blocks of 
load from one area to the other on the 60-kv 
system, 


(d). Companies had to abide by commit- 
ments and contractual obligations in regard 
to new plant construction, and, therefore, 
there was no incentive to defer construction 
programs and to obtain prime power from 
neighboring companies by interconnection. 


VI. Changed Conditions Caused 
by the War 


With the advent of the war, there was 
an urgent and immediate demand for 
large amounts of additional firm power 
for defense industries. This abnormal 
demand was not confined to any one area 
but was most pronounced in the Saguenay 
and Shawinigan areas. As a result, some 
form of co-ordination involving proper 
system interconnection was immediately 
sought because of the attractive prospect 
of providing additional firm power in the 
shortest time at minimum cost. 


Compared to the studies previously 
made on a prewar basis, war conditions 
modified the situation to some extent, 
and the actual trend for full develop- 
ment and utilization of total power re- 
sources, was along the following lines: 


1. Inthe Montreal area there were immedi- 
ately available some 825,000,000 kilowatt- 
hours of surplus energy annually which 
could be converted into prime power by uti- 
lizing Shawinigan storage. Such energy was 
available in the largest amounts during the 
summer months and during nights and week- 


To utilize this energy necessitated in- 
creased back-feed from the 110-kv Montreal 
system and resulted in the installation 
(January 1942) of a 110-kv oil-filled under- 
ground cable seven miles long. This elimi- 
nated the restriction or “bottleneck” in 
power flow through the 60-kv ring system 
and through the two 30,000-kva transformer 
banks in the city of Montreal and increased 
the transfer ability by over 100,000 kw. 


2. In the Shawinigan area it was necessary 
to provide means for handling the increased 
feed-back from the Montreal area, as well as 
to store a portion of it, and transmit the re- 
mainder to the Saguenay area. This re- 
quired certain changes on the system and 
included these items: 


(a). Additional transformers and voltage regulat- 
ing equipment were installed in certain districts to 
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Figure 3. Curves to 
illustrate graphically 
the results of co- 
ordination study 
based on actual pre- 
war system data 


P=available firm 
power on a daily 
basis of at least nor- 
mal system load fac- 
tor. The variable 
shape of the curve is 
caused by water 
shortage or high tail- 
water conditions 


Gu; Gs, sGaae 
maximum possible 
generator Output at 
any instant on the 
individual Montreal, 
Shawinigan, and 
Saguenay systems re- 
spectively, as influ- 
enced by variable 
heads and flow con- 


ditions - 
Ge=actual Mon- 
treal area generator 
capacity, 1939, apart 
from Shawinigan 

contract 


G=integration of 
Gu, Gs, and Ga, 
G, = G + 125,000- 
kw maximum system 
generatoroutput with 
energy backing on a4 
daily basis 


GG (Ga . P) 
=maximum system 
generator output 


JAN. FEB. MAR. APR. MAY JUN. JUL 
= 
Wl 
kK 
2) 
> 
2) 
(a) 
ira} 
| ee 
< 
z 
(a) 
a 
fe) 
° 
O 
oO 
a) 
ao 
< 
fu) 
Zz 
fe) 
| od 
Ps 
30 
QE 
x Z 
y) 
kr 
| oa 
< 
3 
ca 
air 
=) 
oO 
4 
2) 
ee: 
< 
Q 600 
Z 
> 
< 500 
36 
’p) 
400 
5 a 
tee aS 
: mak dpe Moles 
F =a rege Eee 
aera 
| 
Zz 
{e) 
= 


with energy backing 
(normal-system firm 
load factor) from 
seasonal storage 


Lar, Ls, La=maximum practical firm-power demand (at normal load factor) on the Montreal, 
Shawinigan, and Saguenay systems, respectively, and as dictated by maximum generator output at 
the critical point X—X or shortage of water 
These curves follow the typical or normal annual trend on the system concerned 
L=integration of Ly, Ls, La 
L,=L+260,000 kw =estimated firm peak demand (at normal- system load factor) which could 
be successfully carried on the fully co-ordinated system 
X—X=Critical points of generator reserve [since the Montreal Light, Heat, and Power Con- 
solidated contract supply from Shawinigan Water and Power Company is duplicated in the out- 
put figures of each company (Figures 3A and 3B) 4 correction in the form of a deduction of 
120,000 kw, (160,000 horsepower) has been made in the integrated curves (Figures 3D and 
3E) to obtain the true result] 


permit interchanging the full amount of power and 
to enable the reactive to be controlled. 


(6). A number of additional storage projects were 
started on the St. Maurice River which, when com- 
pleted, will provide additional capacity of 285 
square-mile-feet equivalent to 16,000 horsepower 
years. 


(c). To transmit the reclaimed firm power to the 
Saguenay area, a 220-kv transmission line was built 
and placed in operation December 1940, ‘This line 
serves as a means of permanently interconnecting 
the Saguenay system with the Shawinigan and Mon- 
treal systems. 


3. The Saguenay Companies decided on im- 
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mediate industrial expansion and complete 
development and local utilization of power 
resources in the Saguenay area, as well as 
arranging for absorbing all available surplus 
power in the Shawinigan and Montreal 
areas. Physically, the program included: 


(a). The construction of two storage reservoirs 
which, when completed, will provide the means of 
converting surplus summer energy in the Saguenay 
area into firm power. Storage capacities are esti- 
mated to be 2,460 and 5,360 square-mile-feet respec- 
tively and should permit an increase in the regulated 
flow of the Saguenay River from 32,000 to 45,000 
cubic feet per second, 
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Completion of a second double-circuit 154-ky 


The result has been that with the pro- 
vision of these facilities a rapid and fairly 
complete exploitation of all available 
power and energy resources in these areas 
has been accomplished with minimum 
outlay and in minimum time, providing 
as well additional generator reserve, im- 
proved operating flexibility, and service 
security. 

As an illustration of the actual results 
obtained in combined system output, a 
typical daily firm-power peak load curve 
(Figure 4) for January 1942 has been 

plotted and shows how fully the resources 

are being utilized for firm-power purposes. 

It is to be noted that on the individual 

systems the margin of generator reserve 
_is very limited, whereas on the combined 
_ system fairly large reserves are available 

excepting at time of maximum system 
_ peak. 


VII. Analyzer Studies and 
Increased Fault Currents 


Anticipating the tying up of the 
Saguenay and Shawinigan systems over 
the 220-kv tie line, a number of studies 
were made on an a-c network analyzer to 
determine among other matters: 


(a). The magnitude of fault current at dif- 
ferent locations. 


(b). Possibilities of automatic reclosing and 
single-phase switching on the 154-kv and 
220-kv lines. 


(c). Degree of stability. 
These studies indicated that the inter- 
connection materially increased the mag- 


nitude of the fault currents at the 
interconnecting points. 
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Maximum Feasible Firm Loading 


4 lh 
‘Table II. Study of Kilowatt-Hour Resources and Load Requirements 


lf Operated as Isolated Systems ag shia, : rane 

Annual Annual Equivalent Available Available 

prec Peak De- Load Factor Firm Energy Annually Annually 
. mand, Kw (Per Cent) KwhrX108 KwhrX106 Kwhr 108 


wee ee eO0UU, . ce ene 


sree ween OSU, we eee nee 


. NCES Sein aciycs cs teens FESS GOO0 mans Vg Bp aan erer WAE2O cada he OO aun. 1,705 

5. Combined surplus energy, if properly utilized and if converted into firm power, would be equivalent to: 
1,705,000,000 
—$_—______— = 96) ec 
8,760X0.746 rod kw 


5 


6. Percentage of total energy resources reclaimable as firm powere 205 = 18.6 per cent 


9,125 


a a es a a el ee 
eince Montreal Light, Heat, and Power Consolidated contract supply from Shawinigan Water and Power 
ompany is duplicated in the output of each company, its deduction is necessary to obtain a true result. 


In most cases, existing oil circuit 
breakers were capable of meeting the in- 
creased duty, but in certain localities it 
was found necessary to modify existing 
breaker designs in order to increase the 
rupture duty and to reduce operating 
times. 

Where new circuit breakers were found 
to be necessary, there was a tendency to 
adopt the air-blast breaker for 69-kv, 132- 
ky, and 220-kv service. The type of air- 
blast breaker generally adopted was 
developed by engineers of the Montreal 
Light, Heat, and Power, Consolidated 
after several years of development work 
and field tests. However, also on the 
system may be found European designs 
of 1l-kv, 154-kv, and 220-kv air-blast 
circuit breakers, as well as 69-kv and 138- 
ky “oil-poor’ breakers. Circuit-breaker 
performance is considered satisfactory, 
although in some instances it has been 
necessary to modify designs slightly. 


VIII. Stability and High-Voltage 
Automatic Reclosing 


In the matter of automatic reclosing 
of high-voltage lines, actual experience 
gained over a period of eight years with an 
installation on two long 187-kv lines indi- 
cates that under many transient faults re- 
turning the faulted circuit to service 
promptly by automatic means has pre- 
vented the loss of the second line due to 
the systems falling out of synchronism. 

Studies on the analyzer of the Shawini- 
gan-Saguenay 220-kv tie line indicated 
that with a line-to-ground fault on the 
line cleared in five cycles, using conven- 
tional three-phase switching, and re- 
closing automatically in 20 cycles, the 
resulting swing curves showed every indi- 
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cation that stability would be maintained. 
Since the subsequent line loading is much 
higher than that used in the studies, 
attention is now being directed to com- 
plete a study of single-phase switching. 
In due course it is expected that some 
definite progress will be made in a prac- 
tical application. 

On the two 187-kv circuits, now operat- 
ing at 154 kv, a few cases of instability 
have been experienced caused primarily 
by line short circuits in the Saguenay 
area and under unusually heavy load 
conditions. Such operations were not 
unexpected, and, considering the trans- 
mission constants and excessive loading, 
completely stable operation under all 
types of faults is not anticipated. 

Continual efforts are being made to im- 
prove system protection so as to reduce 
time of fault clearance, with the object 
of improving stability. 


IX. 220-Kv/165-Kv Transformation 


In order to connect the 220-kv Shawini- 
gan system to the Saguenay system (oper- 
ating at 154 kv to 165 kv) and to permit 
a load of 150,000 kw to be carried it was 
necessary to consider carefully the trans- 
formation problem. 

Originally, two obvious ideas were 
considered: 


(a). The installation of three 50,000-kva 
conventional double-winding 220-kv/165-kv 
three-phase transformers with a limited- 
capacity tertiary winding. 

(b). The installation of two 75,000-kva 
220-kv/165-kv three-phase autotransform- 
ers. 


In the case of the conventional-type 
transformers, it was found that 50,000 
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Figure 4. Actual daily load curve, inter- 

‘connected systems, January 30, 1942, show- 

ing how available resources have been fully 
utilized for firm power purposes 
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kva was the largest size that could be 
handled from the point of view of trans- 
portation and servicing, and this would 
have required the purchase of three such 
units. 

Regarding the use of autotransformers, 
because of their inherent lighter weight, 
it was possible to obtain from the manu- 
facturer units of 75,000-kva rating so that 
only two transformers were required. 

However, a third proposal was sug- 
gested, diagram of which is shown in 
Figure 5. This scheme was found to be 
practical by the manufacturer and was 
eventually used. The fundamental idea 
was to make use of the fact that there 
were already existing two 45,000-kva 
banks of 165-kv star to 66-kv delta. 
Since the problem was to transmit 
power from the 220-kv system to the 
165-kv system, two three-phase ‘“‘series”’ 
transformers were installed, each having 
a name-plate rating of 18,750 kva, 220 
ky-55 kv/60 kv 196.84, and supplied 
with a number of suitable voltage taps. 
The setup is really a scheme whereby 
use is made of the core structure of 
the existing 45,000-kva transformers in 
conjunction with the “series” trans- 
formers by electrically coupling at 60 
ky, so as to simulate the effect of an 
autotransformer in the combined unit. 
By this means, the weight and rating of 
the additional transformer equipment 
may be considerably reduced without 
impairing the kilovolt-ampere transfer 
ability between 220 kv and 165 kv. 
Furthermore, the use of this idea results 
in a marked decrease in impedance and 
transformation losses between 220-ky, 
165-kv, and 60-kv systems, as compared 
with the alternative schemes. 

From the point of view of costs the 
percentages were: 


Three 50,000-kva conventional-type 


three-phase transformers......... 100 per cent 


Two 75,000-kva autotransformers. . 70 per cent 
Two 18,750-kva series transformers 
(150,000 kva equivalent)........... 57 per cent 


More than a year’s operation on these 
three-phase series banks has demon- 
strated the success of the arrangement 
and it has been found that loads of 
190,000 kw have been transmitted from 
220 kv to 165 kv without undue heating. 


X. System Protection 


When interconnecting large systems, 
the need for instantaneous and selective 
zone protection assumes special im- 
portance, to reduce the hazard of per- 
manent power arc damage and system 
instability, since in instances 
troubles pyramid. 

Fortunately, on this high-voltage net- 


many 
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work and particularly on the Shawinigan 
system, the matter of such relay protec- 
tion had been given unusual attention. 
The double step impedance principle, 
with its features of instantaneous fault 
clearance to within 80 per cent to 90 per 
cent of the line length, was conceived, 
developed, and applied as early as 1920 
for the clearance of phase-to-phase and 
ground faults. General application of 
the instantaneous  differential-current 
zone protection, to generators, trans- 
formers, and station bus bars quickly 
followed. 

With the adoption of high-voltage net- 
work distribution came the problem of 
instantaneous protection for the short tie 
lines. This led to the development and 
successful application of a number of 
differential-current pilot-wire schemes, 
using a separate control cable for the 
pilot wires. Subsequently, the direc- 
tional impedance interlock principle was 
developed, with available communication 
circuits being used as a control channel. 

Recently commercial carrier-current 
relaying, combined with a simplex com- 
munication, has been used in conjunction 
with some important high-voltage trunk 
lines to provide selective instantaneous 
clearance. 

For transformer and regulator pro- 
tection, in addition to differential schemes 
and supplemented by residual current 
features, gas-detector relays are being 
used. The pressure element is arranged 
to trip the associated circuit breakers, 
while the gas element operates an alarm. 

For standby or backup protection, the 
impedance principle has been adopted 
almost exclusively since its initial de- 
velopment because of its effectiveness 
under all operating conditions and ir- 
respective of the amount of system genera- 
tor capacity connected. This is in 
contrast to the shortcomings, in these 
respects, of the inverse definite time over- 
load protection previously used. 

At controlling points, automatic oscillo- 
graphs and high-speed recording volt- 
meters are utilized, as well as trans- 
mission-line fault locators, to ensure 
sufficient available data so that each case 
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Figure 5. Diagram 
to illustrate method 
of interconnecting | 
220-ky system to 
165-kv and 60-kv 
systems using series 
transformers 


A. Development of , 
one phase 
B. 990-kv/165-kv/ 


60:kv transformation 


of trouble may be fully investigated and 
ptoper remedial measures applied. 

To ensure proper over-all functioning 
of the protective schemes, the practice of 
making ‘‘primary’ checks and tests on 
new protection installations is standard. 

Concluding this section, it is apparent 
that without the progress and develop- 
ment just outlined in regard to protective 
schemes, interconnection of systems 
would have been a hazardous venture 
with added service difficulties, rather 
than the increased service reliability 
actually obtained. 


XI. Basic System-Operating 
. Principles 

The general principles underlying the 
operation of the combined systems may 
be summed up as follows: 


(a). To assure satisfactory parallel opera- 
tion, each company undertakes as far as pos- 
sible and with a practical spirit of co-opera- 
tion to maintain load, voltage, and frequency 
conditions which are most suitable to the 
common interest, keeping in mind, of course, 
local problems and obligations to customers. 


(b). Firm power contracts existing prior to 
interconnection remain in full force and ef- 
fect. 


(c). Operating agreements have been made 
to cover the supply or purchase of surplus 
energy. 


(d). Itis the objective of all companies con- 
cerned to ensure maximum utilization of all 
available power resources to assist in the war 
effort. Equitable energy rates have been 
agreed upon to make this result possible. 


So far, any unusual operating matters 
which have arisen and which were 
not covered by agreement, have been 
promptly and satisfactorily rectified by 
the operating managements of the re- 
spective companies. 


XII. Control of Voltage and 
Reactive 


Constant voltage is required at the 
load in the Saguenay and Montreal areas 
and on the 60-kv busses. In addition, 
however, when the following items have 
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be realized that 


ms 
(a). Between the Montreal area and the 
Shawinigan area, involving the four 110-kv 


b). The load transmitted over the upper 
St. Maurice 220-kv line varies from 100,000 
kw to 250,000 kw and is delivered at the re- 
ceiving point at approximately 100 per cent 
power factor, so that most of the reactive 
ki ovolt-amperes of the two generating 
plants feeding this line is used in trans- 
ission and is not available therefore for 
the load. 


c). The load transmitted from Quebec to 

Lake St. John in the Saguenay area may 
vary between 25,000 kw and 150,000 kw, and 
at Lake St. John it is frequently necessary 
to supply 50,000 kva; that is, the power is 
eceived at a leading power factor. 


(d). System load reductions of the order 
of 45 per cent occur each Sunday when mills 
shut down. 


{e). Only one synchronous condenser 
(30,000-kva capacity) is available on the 
system installed at Quebec. 


This whole matter of voltage and re- 
active control was given attention in the 
a-c network-analyzer studies, and as a 
result, it was decided to install ‘‘on-load”’ 
tap-changing gear on all transformers in 
the Shawinigan area where a tie exists 
between the 220-kv system and .the 110- 
_kv Montreal system, as well as on a 
customer’s 110-kv bank. 

So far, with some extra supervision 
required, use of these facilities has enabled 
voltage levels to be maintained by proper 
generator field manipulation, as well as 
by occasional use of vented hydroelectric 
_ units as synchronous condensers, and by 
changing taps at controlling points when 
dictated by marked changes in loading 
conditions. 


reac 
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XIII. Frequency Regulation, Load 
Control, and Reserve Generation 


Normally, generating stations in the 
Montreal area are operated on base load, 
with frequency controlled by either 
Shawinigan or Saguenay systems. Auto- 
matic frequency control is available and 
is used on two generating stations in the 
Shawinigan area. With manual control 
no difficulty has been experienced in 
holding frequency to plus or minus 0.1 


cycle and synchronous time to a maxi-° 


mum error of ten seconds. This may not 
be as close regulation as many other sys- 
tems obtain but is found to be quite 
satisfactory in this case. Manual control 
of frequency has been made more con- 
venient to the operator by bringing the 
governor motor control to miniature keys 
on the operator’s desk. 

Automatic tie-line load control is not 
used and is not considered essential at the 
present time, although it would be a 
definite operating convenience. The long 
distances between exchange points and 
generating stations make the application 
of automatic tie-line control both difficult 
and expensive. 

At the generating station on frequency 
control, it has been the custom in the past 
to try to maintain a minimum amount of 
spare equivalent to a 30,000-kw unit dur- 
ing the peak period, and to retain in 
service at other generating stations a 
sufficient number of units to carry the 
allotted load efficiently, consistent with 
flow and head conditions, so that when 
the need arose, an additional 30,000 kw- 
50,000 kw could be picked up by running 
wide open temporarily. However, pres- 
ent practice is to utilize, as far as pos- 
sible, most of the normal generator 
reserve for supplying urgent defense loads. 
This results occasionally in the necessity 
of dropping blocks of electric furnace 
load or grinder motors as a temporary 
means of maintaining suitable frequency. 
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XIV. Summary and Conclusions 

1. The interconnected system described 
and supplied solely from hydroelectric 
plants must be considered as one of the 
major power systems on the continent, hav- 
ing resources of nearly 4,000,000 horsepower 
(developed or under construction), of which 
2,586,000 horsepower are now operating in 
parallel. 


2. It is to be noted that while operating as 
individual systems or areas, the hydraulic 
power resources and load requirements of 
each group were not ideally matched, it was 
found that when viewed as a combined sys- 
tem, these characteristics were quite com- 
plementary, thus enabling much more 
complete firm-power utilization of total 
energy resources, 


3. Under normal prewar conditions, un- 
doubtedly this interconnection of systems 
would have been delayed in its execution, 
but because of the immediate demand for 
more firm power for defense industries, it 
became imperative and economically feas- 
ible to proceed, therefore in effect making 
available for firm power over 18 per cent of 
the total combined energy resources which 
otherwise would have been wasted or sold as 
secondary power to electric boilers. This 
estimated gain in firm power output is apart 
from that obtained from additional sources 
as given in section VI. 


4. Because of the necessity of producing 
and utilizing every available kilowatt- 
hours for defense purposes, operating pro- 
cedure has changed, resulting in larger 
ranges in frequency and voltage regulation 
and less generator reserve. 


Control of reactive kilovolt-amperes is 
successfully accomplished mainly by 
generator field adjustment and use of 
transformer tap-changing equipment, 
with the assistance of a single 30,000-kva 
synchronous condenser. 
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UCH hydroelectric projects as the 
Boulder Dam, Grand Coulee, and 
that proposed for the St. Lawrence River 
present serious power limit and_ short- 
circuit problems. Each of these develop- 
ments will be capable of producing over 
1,000,000 kw, part of which for each case 
must be transmitted over 200 miles. 
Any method which will increase transient 
stability and lower fault currents should 
be carefully investigated; this paper pre- 
sents the investigation of such a method. 


Statement of Problem 


To obtain optimum use of transmission 
lines between a generating station and a 
load center, it is desirable to parallel the 
circuits in such a manner that the loss of 
a line or section of a line will result in the 
least disturbance. In general, this is done 
by bussing the lines together and section- 
alizing at one or more points. 

However, to bus lines on the sending 
and receiving ends imposes very severe 
requirements on switching equipment. 
For example, the 287.5-kv Boulder Dam-— 
Los Angeles lines require 287.5-kv break- 
ers with interrupting capacities of 
2,500,000 and 3,500,000 kva. Even on 
230-kv systems circuit breakers with 
interrupting capacities of 2,500,000 kva 
are in use. 

High-voltage bus reactors may be used 
to reduce short-circuit currents, but 
besides being costly, they tend materially 
to increase the reactance between the 
sending and receiving ends of the system 
after the loss of line or line section. It is 
probable, even though the fault currents 
on the circuits are reduced by the addition 
of reactors to the bus, that the dynamic 
power limit would be decreased because of 
the added impedance. 

The use of reactors in the transformer 
neutrals to reduce ground-fault currents 
may interfere with relaying and imposes 
higher-voltage stresses on equipment. 


Paper 42-153, recommended by the AIEE com- 
mittee on power transmission and distribution for 
presentation at the AIEE Pacific Coast convention, 
Vancouver, British Columbia, Canada, September 
9-11, 1942. Manuscript submitted June 1, 1942; 
made available for printing July 24, 1942. 
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Also, for three-phase faults neutral re- 
actors have no effect on fault currents and 
thus do not increase the power limit for 
such disturbances. 


Description of Studies 


Three-winding transformers connected 
so as to form a ring on the low-voltage 
side, as shown in Figure 1, lower short- 
circuit currents by making use of the 
reactance between low-voltage windings. 
To determine the transient power limits 
and fault currents of a system using this 
ring-bus arrangement, studies were made 
on an a-c network analyzer. For com- 
parison similar studies were made on the 
same system with a standard high-voltage 
bus, as shown in Figure 2. 

The studies prove that the transient 
stability limits are higher and the fault 
currents are lower for the three-winding 
transformer ring-bus system. A very 
interesting result was that the transient 
stability limits for the above system are 
almost independent of the reactance 
between low-voltage windings as it varies 
from zero to 40 per cent. 

The basic system for the studies con- 
sisted of four 230-ky transmission lines 


2/53-/ 


Figure 1. Schematic 

diagram for the three- 

winding transformer 
bus system 
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185 miles in length connecting a hydro- 
electric plant to a load center. The load 
center was connected through a short line 
to an infinite bus. The generating plant 
consisted of eight identical 60-cycle ma- 
chines, each of 55,000-kva capacity. 
Each generator had a direct-axis transient 
reactance of 44 per cent and a WR? of 
132,500,000 pound-feet squared. 

For the three-winding transformer ring 
bus the transformer banks were rated 
110,000/110,000/150,000 kva at 13.8/ 
13.8/230 kv and connected delta, delta, 
wye-grounded. With the low-voltage 
windings paralleled, the through re- 
actance of the transformers was 11 per 
cent on a 150,000-kva base. 

For the standard bussing arrangement 
the transformer banks were rated at_ 
110,000 kva, 13.8/230 kv and connected 
delta, wve-grounded. The reactance was 
11 per cent ona 110,000-kva base. Trans- 
former banks rated at 110,000 kva but 
having a reactance of 11 per cent on a 
150,000-kva base were also used. 

The various sytems were placed on an 
a-c network analyzer and studies made of 
short-circuit and transient-stability char- 
acteristics. Faults were applied on a 
generator bus and also on the sending end 
of a transmission line. For the three- 
winding transformer ring bus the react- 
ance between the low-voltage windings 
was varied from zero to 40 per cent. 

The results of the short-circuit studies, 
shown in Figure 3, indicate that the sever- 
ity of three-phase short circuits on the 
generator bus of the transformer ring-bus 
system can be made as low as that of the 
standard bus system. This is accom- 
plished by using low-voltage windings 
having a reactance between them of at 
least 42 per cent. 

By not bussing the transformers on the 
high-voltage side, the severity of faults 
on the transmission lines near the gener- 
ating station are very greatly reduced. 
This materially reduces system disturb- 
ances resulting from the line faults. 

Transient-stability limits for the two 
standard bus systems were found for both 
three-phase and two-phase faults on the 
lines near the sending end. For these and 
all stability studies a total clearing time 
of 41/2 cycles was assumed. 

Similar studies were made on the three- 
winding transformer bus system as the 
reactance between the low-voltage wind- 
ings was varied from zero to 40 per cent. 

The power-limit values from Figure 4 
show that the standard systems are much 
less stable in all cases. For example, the 
best standard system carries at least 
36,000 kw less than can the transformer 
ring-bus system. 
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Figure 2. Schematic 
diagram for the 
standard system 


It should be kept in mind that the as- 
sumed clearing time is almost the mini- 
mum possible for 230-kv systems. Longer 
clearing times would increase the differ- 
_ ence in stability limits between the sys- 
_ tems and so favor the ring-bus system. 
The rise in power limits for the ring-bus 
system as the transformer reactance in- 
creases from zero to 15 per cent is ex- 

plained by the decreasing severity of the 

faults. At 15 per cent reactance the 

effect of the bus reactance in decreasing 
_ synchronizing power between the gene- 
_rators becomes larger than that due to 
decreased fault currents, and the power 
limits tend to drop when the reactance is 
increased. However, the variation in 
power limit is small, being less than two 
per cent over the entire range; thus 
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Figure 3. Short-circuit characteristics 


Curves A for the three-winding transformer 
ring-bus system as follows: 
Ag—lhree-phase fault on a generator bus 
As—Three-phase fault on transmission line 
near sending end 
Az—Double-line-to-ground fault on a trans- 
mission line near sending end 


Curves B for the standard bus system with 11 
per cent transformers on a 110,000-kva base 
as follows: 

Bg—Three-phase fault on a generator bus 
B;—Three-phase fault on a transmission line 
near sending end 
B>—Double-line-to-ground fault on a trans- 
mission line near sending end 


higher reactances between low-voltage 
windings may be used, resulting in greatly 
reduced currents for generator bus faults. 


Conclusions 


While a detailed economic study is be- 
yond the scope of this paper, it may be 
mentioned that three-winding trans- 
formers with the ranges of reactance used 
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Figure 4. Transient-stability limits 


Curves A for the three-winding transformer 
ring-bus system as follows: 
A;—Three-phase fault on transmission line near 
sending end 
A2—Double-line-to-ground fault on transmis- 
sion line near sending end 
Curves B for the standard system with 11 per 
cent transformers on a 110,000-kva base as 
follows: 

Bs—Three-phase fault on transmission line near 
sending end 
B,—Double-line-to-ground fault on a transmis- 
sion line near sending end 
Curves C for the standard system with 11 per 
cent transformers on a 150,000-kva base 
Cs—Three-phase fault on a transmission line 
near sending end 
Cs—Double-line-to-ground fault on a trans- 
mission line near sending end 


in this study may be obtained for the 
same price as standard three-winding 
transformers. The increase in cost of the 
three-winding transformers over the 
smaller capacity two-winding transform- 
ers is partially offset by the elimination 
of high-voltage breakers. 

However, on transient stability and 
short-circuit considerations the three- 
winding transformer ring bus offers very 
definite advantages for systems of large 
magnitudes. 
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Inverse Functions of Complex Quantities 
HERBERT B. DWIGHT 


FELLOW AIEE 


ORMULAS for inverse functions of 

complex quantities, such as sin~! 
(x+iy), are of use in several branches of 
electrical engineering. Calculations for 
transmission circuits require them, par- 
ticularly in connection with communica- 
tion circuits. Integration of expressions 
involving complex quantities can involve 
inverse functions. They are encountered 
also in conformal transformations. 

In presenting the formulas in this paper, 
it is necessary to specify angles with suf- 
ficient detail to avoid ambiguity and the 
liability of incorrect results. Also, all of 
the appropriate multiple values should be 
included. It is not always obvious by 
inspection that two different complex 
values are only values of different branches 
of the same function and are both correct. 

In all cases, numerical examples are 
given as illustrations. 


Inverse Sine sin~! (x+iy) 


Let 
sin” !(«+iy) =u+iv 


where x, y, #, and v are real quantities 
Vai 


Be i= (eo-+iy) 


andi= 


sin % cosh v=x (1) 
cos uw sinh v=y (2) 
Squaring equations 1 and 2 and putting 
sin? 4=1— cos? u 

and 

cosh? v=1-+ sinh? v 


there is obtained, by eliminating sinh? v 


2 
put sinh? v= ze 
cos? 4 


cos* u—(1—x?—y?) cos? u—y?=0 (3) 
from which 
cos? w= 


/al1—xt— y= V/ (1—x8— 9)? $493] (4) 


Since u is real and cos? wu is positive, the 
positive value of the root is taken. 


Paper 42-158, recommended by the AIEE commit- 
tee on basic sciences for presentation at the AIEE 
Pacific Coast convention, Vancouver, British 
Columbia, Canada, September 9-11, 1942. Manu- 
script submitted April 30, 1942; made available 
for printing July 27, 1942. 


HERBERT B. Dwicnrt is professor of electrical ma- 
chinery, Massachusetts Institute of Technology, 
Cambridge, Mass. 
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The quantity under the radical sign 
may be factored, and is 


{(1+x)*-+98} {(—x)*+9%} (5) 
From equations 4 and 5 — 


sin? u=1/,[1+«?+y?— 
V{(i+x)*+y2} (1 —x)?-+97} J 
=, (VA +x)?+y— V1 —x)2+9]? 


Bh ete ORCA NE fred 0 6 
sin u= (e )-= (6) 


where p= ‘V (1+x)?+ ? (positive value) 
(7 


T= Va —x)?+y? (positive value) 
(8) 


The second solution in equation 6 is ob- 
tained by rationalizing the numerator. 
It involves the sum of two quantities 
instead of the difference and so allows 
more convenient precise computation. 

Since v is real, cosh v is positive, as may 
be seen from the series expansion. There- 
fore, by equation 1, sin u is the same sign 
as x. This allows + in equation 6 to 
be changed to +. Therefore 


) 


Die 
p+q 


“= sin-1 (9) 
Take the principal value of uw, that is, 
the value between —7/2 and 7/2. Since 
u lies in this range, cos u is positive. 

The following expression corresponding 
to equation 3 can be obtained by elimi- 
nating cos” 7 


sinh* v+ (1—x?—y?) sinh? v—y?=0 
sinh? y= 
1/alx?ty?—1 + V (1— xt y9)24 457] 


The quantity under the radical sign is 
the same as equation 5 so that 


cosh v= +1!/.(p+q) 


Since v is real, the positive value is to 
be taken. 


v= cosh! Prd (10) 
2 
Since cos u is positive, then by equa- 
tion 2, sinh v and v are the same sign as y. 
This may be secured by writing 
2x p+q 


+74 cosh7~1! ——= 
2 


sin—! («+=7zy) = sin—1 


where y is positive and the positive value 
of cosh is taken (see reference 1, page 
58, and reference 2, page 264). 
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For any angle 6, there are angles Qkr-+0 


which are the same as 0 in all respects, 
and there are angles (2k+1)m—@ which 
have the same sine, where k is a positive 
or negative integer or 0. These can be 
combined by stating that angles having 


the same sine as 6 are 
ne+(—1)"0 (11) 


where nis aninteger or zero. Therefore 


2 
sin-! (xiv) =nr+(—1)” sin~? res 


___ p+ 
2 


i(—1)” cosh~ (12) 
taking the principal value of sin~! and 
the positive values of cosh~ and of the 
radicals p and g. The quantity x may be 
positive or negative, but the quantity y 
is positive. 

Note that if y=Oandx>1,q¢=x—1 and 
ptq=2x. If y=0 and x<1, g=1—*% 
and p+q=2. 

An alternative computation may be 
made by means of the well-known formula 
sinh m= logn (m+ m?-+4) (13) 


where logn denotes natural logarithm. 
Let 


sin-! A= 


where A and u are complex quantities 


sin u=A 
1A = sinh zu 
tite o—asintiee vA 


sin7! 4 = —7 sinh-!7144+2kr 
= —i logn (=~/1—A?+-4A)+2he 
(14a) 
or =i logn (=*/1—A?—iA)+2ke 
(14b) 


The two solutions of equation 14a indi- 
cated by + correspond to the two angles 
6 and —6@ which have the same sine. 
The second or alternative form, equation 
14b, is identical with equation 14a. The 
expression involving + in equation 14b 
is obtained from that involving + in 
equation 14a by rationalizing the numera- 
tor in equation 14a. In practice, the form 
should be used which involves the numeri- 
cal sum of quantities instead of the dif- 
ference, thus giving more convenient 
precise computation. 


Square Root +/(x+iy) 


In the computation just described, the 
square root of a complex quantity is re- 
quired. It may be expressed as follows: 


V @+iy) = “ly (™EE) 43 (5 ‘)| 


(15) 
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(17) 


The positive square roots of (m+x)/2 
and (m—x)/2 are used (see reference 2, 


_ An alternative method is to express the 


complex quantity in the polar form 
r Z0=re =r(cos 0+ sin 0) (18) 


where, if the complex quantity is x+iy 


x 
r=+V (x?+y?), cos ap and sin @ me 
r 


(19) 
hen 


V (xtiy) = = V/1/0/2 


= @ t] 
= avr cos rau sin *) (20) 


The angle @ may be in any one of the 
four quadrants, depending on whether x 
and y are positive or negative quantities. 
The angle is not specified according to the 
principal values of tan-! and cos~, 
and so forth, though the numerical value 
of 6 may be conveniently found by using 
a table of tan or tan~! and then de- 
termining the quadrant for @ by equation 
19. 


Logarithm logn (x+iy) 


In using equation 14, the logarithm of 
a complex quantity is required. This is 
computed as an inverse function of e’. 
Let 


logn (x+1y)=u+W 
e“t?? = 4 (cos v+i sin v) 


=x-+1y 
e” cos v=x (21) 
_e*sinv=y (22) 


Squaring and adding 
e™ = (x?-+y") 
Let 


r=V x2+y? 


The positive value of the root is to be 
taken since wu is real and e” is positive. 

The angle v is to be specified with suf- 
ficient completeness so that the numerical 
values of cos v and sin v will have the cor- 
rect signs. 


logn (x+7y) =1/2 logn EES Gr 
2 


where cos0=x/r,sin0=y/r,7= V/ (x?-+y?) 
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i2 
yr. 


M 4 : 7 
_ and & is an integer or 0, the positive value 
of r being taken. The quantities + and 
_y may be positive or negative (see refer- 


ence 7, page 3). 


The angle 6, according to this specifica- 


tion, is not always a principal value of 
cos~, sin~!, or tan~!, If both x and y 
are negative, tan @ is positive and the 
angle @ is in the third quadrant. 

Another case where 


@=tan-1 ™ 
n 
is not a sufficient specification is in the 
equation 
m cos A-+-n sin A=r sin (A+0) (24) 


where r=V m+n}, sin 0=m/r and 


— cosd=n/r 


(See reference 5, number 401.2). 
Example 1. sin~1(2+73) 
p=V (949) =4.243 
q=V (1+9) =3.162 
p+q=7.405 


4 
sin~! 7 4067 sin~! 0.540 =0.570 radian 


= 1.983 


cosh-1 7405 
2 


Putting 7=0 in equation 12, 
sin-! (2473) =0.570+71.983 
Putting n=1 


sin7 1(2+73) =3.142—0.570—17 1.983 
=2.572—1 1.983 


In this computation, tables of sin! x, 
cosh~ x, and so forth, as in reference 6, 
for real values of x, may be used. To 
check, 


sin (0.570+7 1.983) =0.540 X3.702+ 
t 0.842 * 3.563 
=2.00+7 3.00 
and 
sin (2.572—11.983) =0.5403.702— 
i(—0.842 3.563) 
=2.00+7 3.00 


If the only purpose of the real part of the 
value of sin! (2473) is to take the sin, 
cos, or tan, or to add it to other angles 
which are given in degrees, then a trigono- 
metric table in degrees might be used, but 
care would be needed in choosing an ap- 
propriate notation. 

In using equation 14 to obtain sin 
(2+73)= sin! A 
1—A?=6-—7 12 

=x—1y 
m= / (36+ 144) =13.42 by equation 17 
m+x=19.42,m—x=7.42 


Var -4(32)-y(72) 


as in equation 16 
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by equation 16, using the + sign 


=3.116—7 1.926 
—iA =3 —12 


V (1—A*)—1A =6.116—7 3.926 


Equation 14b is used instead of equation 
14a so as to avoid the small difference of 
nearly equal quantities, 


Let 6.116 —73.926=x-+iy as in equation 


23 


6.116? = 37.4 
3.926? = 15.4 


52.8 
1/ logn 52.8 = 1/2(1.664-+2.308) = 1.983 
The angle 6 of equation 23 is in the fourth 


_ quadrant. 


3,926 
hae Gye 0.840 
NO Se tie 


6= —0.571 radian 
logn (x-+7y) = 1.983 — 70.571 
by equation 23 
sin—! (2+73) =0.571+71.9838 
by equation 14b 


The second solution is given by the 
— sign in equation 14a or 14b, the former 
being preferable. 


~/ (1A) 4iA = —6.116-+23.926 


The angle @ of equation 23 is in the second 
quadrant. 
sin—! (2+73) =2.571—71.983 


The quantity 2k7 may be added to either 
of these solutions. 


Inverse Cosine cos~'(x+iy) 


Let cos! (x+iy) =u+W 
cos (u+iv) =x+7y 
cosucoshy =x (25) 
sinusinhy =—y (26) 
Squaring and eliminating sinh? v, 
sint u— (1—«?—y?) sin? w— y? =0 
sin? u=1/.[1—x?—y? + 

V = xt y)2+4y9] 
Since u is real and sin? wu is positive, use 


the positive value of the root. 


cos? w= !/2(1+x2+-y?— pq) 
cos “= +!/.(p—q) 


Since v is real, cosh v is positive, and cos 2 
is the same sign as x, by equation 25. 
Then 


cos u=1/2(p— eee 
ey eae oeeg 


an CS 
COS 


p+q 
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Take the principal value, that is, the value 
between 0 and. Then sin x is positive. 
Similarly 
sinh* y+ (1—x?—y?) sinh? v—y?=0 
sinh? vy=1/.[x?+ y2?—1+ 

Va —x2—y?)24 4y?] 
taking the positive value of the root since 
sinh? vis positive. 


cosh? v=1/4(p+)? 
cosh v=1/2(p+q) 


taking the positive value since v is real. 


ais 


v= cosh7! 


Since sin u is positive, sinh v and v are 
the same sign as —y, from equation 26. 


p+4q 
5 | (27) 


where y is positive, taking the principal 
value of cos“! and the positive values of 
cosh and of p and gq. Also 


cos} (x+7y) = 
z +2kr—17 cosh! 
q 


eee 
=! cos ! 


cos”! (x—7y) = 


etki cosh— a (28) 


=5\| oy = 


taking the same values of sin! and cosh 
as with equation 27. For p and q see 
equations 7 and 8. 
The quantity x may be positive or 
negative. The quantity y is positive. 
An alternative method is by use of the 
equation 


cosh~! p= = logn (x++/x2—1) 
Let cost A=u, a complex quantity. 


A= cos u= cosh iu 
iu= cosh! A 


cos”! 4 =—i cosh"! 4 = 
=i logn (A+~/A?—1)+2kr (29a) 


or = +i logn (A—VA?—1)4+2ke (20b) 


The second equation is obtained by 
rationalizing the numerator of the first 
and is to be used when it avoids the 
numerical difference of quantities. 
Example 2. cos! (—2—74) 

By equation 28, putting k=0 


cos~1(—2—i4) =-+ [cos~ 1(— 0.4385) + 
4 cosh—! 4.56] 


= + [2.025+12.198] 


To check, 
cos (2.025+72.198) = — 0.4385 4.56 — 
10.899 X 4.45 
= —2.00—74.00 


By the alternative method, let A= 


—2-—14 
A*—1=—13+4716 


/(A?—1) =1.952+74.10 
A=—2-—74 
852. TRANSACTIONS 


Using equation 29b to avoid the numerical 
difference of quantities 


A-/(A*— 


In finding the logarithm of this, logn r= 
2.20, and the angle @ is in the third 
quadrant and is 4.258 radians. 


cos~! (—2—i4) = +(—4.2584+712.20) +2kr 
= + (2.025+72.20) 


1) = —3.952—18.10 


putting 
p=" 
Inverse Tangent tan~! (x+iy) 


Let tan (vw+¢y) =u-+i0 


u+iv 


tan (u+iv) =x+7y=7 tanh 


since 
tan g=7 tanh (2/2) 


uti 


x+i 
eho) —— penn 


1 1 
v—iu= tanh! (y—ix) 


1+y—ix 


30 
1—y+ix ay. 


=1/, logn 


where logn denotes natural logarithm. 


1--y—1 


29 Pet 
cos 2u—74 sin 24) = —_—_<— 
( ) 1—y+iu 


Rationalizing the denominator 


1—x?—y? 
20 cos 2a Gh Syaee ae (31) 
25 
e”” sin 2u= a 5 
Squaring, adding, and factoring the 
numerator 
1 21 2 
i. a by equation 5 
t (lay) Sea 
omg 8 yh 33 
498" a) ta (33) 


Dividing equation 32 by equation 31 


tan2 a (34 
n 24 = ————_ 
* 1—x?—y? 
Let 
1 1- 
2u=7— tan} oes tan? S (35) 
x x 


=r—a—B 


where the principal values of tan—! are 
taken, that is, a and 6 are between 
—1/2 and 1/2 


sin (t— a— #8) =sin (2+ 8) 


=(tan a+tan 8) cos a cos B 


2 
=-cos acos B 
a 


Dwight—Inverse Functions of Complex Quantities 


oJ 


which is the same sign as x, as it should 
be, from equation 32. Cos a and cos 8 
are positive. 


cos (r—a—f) = — cos (a+ 8) ’ 
=(—1+ tan a tan f) cosa cosa 

cos 6 

(lo 9) 


which is the same sign as 1—x?—y? and 
proportional to it (see equation 31). 
The quantity 2km, where k is an integer, 
may be added to equation 35. 
Therefore 


1 
tan! (~+7y) =} ee 1)r— tan} nu 


=k yt tte 


ey 


1 
tan + 


where the principal values of tan~! are 
taken and where x and y may be positive 
or negative. 

An alternative method of. computation 
is by means of equation 31 


1+y—1i 


2k 
1 ype i 


tan—! (x+7y) =; logn (37) 


Example 3 


tan! (—2—74) = 1.675—70.2006 


When computing this by equation 37, 
k=—1. Other values, given by adding 
2k, are equally appropriate. 


Inverse Hyperbolic Sine 
sinh—( +x+iy) 
Let 


sinh~ 1! (x+7y) =u+iv 


x+iy = sinh (u+7v) 
_ , utiv 
sti 
1 
ut+iv 
LS Si 
4 


u+iv =1 sin—! (y—ix) (38) 


By equation 12 


Sab 


sinh~! (=x-+7y) = +(—1)” cosh7} a 


7 a NR ee ee oe : 
i(—1)” sin 2 + inn (39) 


where 7 is an integer or 0, 
x is positive, 
y is positive or negative 


5= V1 +y)?+x? (positive value) (40) 


— V1 —y)?+«? (positive value) (41) 


The principal value of sin! (between 
—1/2 and 7/2) and the positive value of 
cosh™ are taken. 
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¢ 


=| cost or +icos! 


_x+iy= cosh (u+iv) = cos 


4 ¥ vi 


ot that if x=0 and y>1, stt=2y 
‘Lage sHt= 2. 


(42a) 
or =— logn (VW 14+A?—A)+i2kr 
(2b) 


Logn (A—V A?+1 1i is a value of sinh A 
which differs from logn (4+-V42+1) 
by logn (—1) or i(2k+1)r. Evidently 
one at least of the two values is complex, 
for any given value of A, whether 4 is 
real or complex. 

The second or alternative form, equa- 
tion 42b, gives the same results as equa- 
tion 42a. It should be used when it 
enables one to avoid computing the 
numerical difference of two quantities. 


xample 4 
sinh~! (—2—74) = —2.184—11.097 


putting 7=0 in equation 39 or using the 
+ sign in equation 42b. 

Also sinh! (—2—74) =2.184+ 74.239 
putting 7=1 in equation 39 or using the 
— sign in equation 42a. 

The quantity 7 2kr may be added to 
both these solutions. 

The results may be checked by com- 
puting sinh, which gives —2—74. 


Inverse Hyperbolic Cosine 
cosh—'(x-+iy) 


Let cosh (x+iy) =u+10 
se a 


u+iv=ticos—! (x+1y) 
If y is positive, by equation 28, 


cosh~! (x+7y) = 
p+q 


2 intr | (43) 


Also, if y in the following equation is 
positive, by equation 29, 


cosh—! (x—7y) = 


pb+q 
ih i 
=| cosh = 


The quantities p and g are positive and 
are given by equations 7 and 8. The 
quantity x is positive or negative. 

The positive value of cosh and the 
principal value of cos~! are taken. 


—icos ! 


es er (44) 
at eee | 


DECEMBER 1942, VoL. 61 


An alternative solution is 


cosh~! A = + logn (A+ V A?—1)+i2kr 
; (45a) 


or 


= + logn (A—WA?—1) + i2ke 
(45b) 


Equations 45a and 45b give the same 
results and the one which involves the 
numerical sum of two quantities should 
be used in any given case. 


Inverse Hyperbolic Tangent 


tanh~\(x-++iy) 
Let 


tanh~! (x+iy) =u+iv 
1+x+iy 


=- | 
1—x—-iy Co 
Qu 2, == 98 
@ cos 20= (1—x)t4-y (47) 
ee 2y 
Qu - 
e sin 20= (G—x) hy (48) 
Squaring, adding, and factoring the 
numerator 
ww _ A+)? +9? 
(1—x)?+? 
1 (Isa)? 
u“u=— 4 Pes ee 49 
(t=x)*--9" Soe 
Dividing equation 33 by equation 32 
2 
tan 27= ee (50) 
—xt—y 
Let 
x 
2v0=7— tan! — tan“! (51) 


=r—a—B 


where the principal values of tan! are 
taken, that is, a and Bg are between 
—/2 and 7/2. 

sin (r—a— 8) = sin (a+ 8) 


= (tan a+ tan 8) cos acos 8 
= (2/y) cos acos B 


which is the same sign as y, as it should 
be, from equation 48. Cos a and cos g 
are positive. 
cos (r—a—f)=— cos (a+ 8) 

=(—1+ tan a tan B) cos a cos B 
cos a cos B 


, 


=(1—x?—y') 


which is the same sign as 1—x?—y? and 
proportional to it (see equation 47). The 
quantity 2kr, where k is an integer, 
may be added to equation 51. 
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Therefore 


(l+2)?+y? 
(l—x)?-+-y? 


54 Ohh De tan~! pts 
2 y 


—x 
; (52) 


where the principal values of tan~! are 
taken and where x and y may be positive 
or negative (reference 3, page 115, and 
reference 5, number 715). 

An alternative method of computation 
is to use equation 46 directly. Multiple 
values will be obtained since expression 
23 for logn has a term i2kr. 


1 
tanh~! («-+-7y) 4 logn 


tan~1 


Example 6 


tanh—! (—2+73) = —0.1469+-71.339 


putting k=0 in equation 52 
or = —0.1469+74.4806 


putting k=1. 

The choice of the alternative formulas 
involving logarithms of complex quanti- 
ties, which have been given in each case 
in this paper, depends to some extent on 
the practice and preference of each indi- 
vidual. While the algebraic logarithmic 
formulas are shorter to write than the 
others, the solution of the numerical 
problems in this paper has seemed longer 
by the logarithmic formulas. 


The use of logarithmic formulas for 
obtaining results involving inverse func- 
tions is given in equations 125, page 71 
and 428, page 179 of volume 2 of “‘Com- 
munication Networks,” by E. A. Guil- 
lemin (reference 4). 
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A Practical Discussion of Problems in 


Transformer Differential Protection 


P. W. SHILL 


MEMBER AIEE 


Synopsis: Some conditions which have to 
be met with in protecting transformers by 
the usual current-differential method pro- 
duce special problems. Those involving 
the protection of interconnected wye or 
zigzag transformers and those involving 
Scott-connected transformers are dealt with 
at some length. There is also a discussion of 
tolerances in the selection of current trans- 
formers and the factors to be considered in 
the selection of relays for the purpose. 


LECTRIC-power systems are becom- 

ing more and more complex insofar as 
their protection is concerned. Until now 
there has been little difficulty in obtaining 
almost anything that one might desire 
for the usual run of problems, such as the 
protection of machines, transmission lines, 
transformers, and so forth. Even sys- 
tems, which have grown to the point 
where they have generators, transmission 
lines, transformers, and other equipment 
with widely diverse characteristics con- 
nected together, have been successfully 
protected. The war has now changed 
things, so that today we are having to 
bring back into service various pieces of 
apparatus which have been considered 
obsolete, and which one hoped would re- 
main in that class forever. To connect 
old apparatus into a well-designed power 
system and protect them both with 
equipment not too well-suited to the pur- 
pose is a real problem for the engineer 
responsible for relay protection. Often 
the circuit is needed in service very 
quickly, but the delivery dates for relays, 
current transformers, and so forth, can- 
not be promised for many months ahead. 
There is also the question of priorities. 


It is quite probable that some old two- 
phase equipment will have to be rehabili- 
tated and put back into service. For this 
reason, the question of the protection of 
Scott-connected transformers by the cur- 
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rent-differential method should receive 
some attention. 

While there have been on the market 
several types of relays and current trans- 
formers which, when properly applied, 
give very satisfactory results, we are now 
faced with the fact that we must use con- 
siderable ingenuity to ‘‘get by” with such 
things as we may have on hand or can 
procure readily. 

A few years ago much time and money 
were spent on current-differential protec- 
tions to see that the various component 
parts of the circuit were built as closely 
to their theoretical ideals as possible. 
Current transformers of exact special 
ratios and with matching characteristics 
were specially purchased and installed. 
Current-transformer cable connections 
were carefully tested so that their resist- 
ances might be closely matched. Relays 
of very special types were considered to 
be absolute essentials. In fact, there 
was, generally speaking, considerable 
superstition in some places about this 
type of problem. 

Today, with our accumulated data 
based on experience and more accurate 
knowledge of those conditions which must 
be satisfied in order to ensure a reliable 
protection, many of the old ideas have 
been greatly modified, and we know that 
we can do things which at one time were 
considered to be quite hazardous to the 
continuity of service. 

A transformer differential protection is 
much more likely to operate when it 
should not do so than not to operate when 
it should do so. So that, provided the 
relays are in working order and their cur- 
rent windings are not short-circuited, 
they will operate if they can get sufficient 
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Figure 1. Single-phase transformer differential 
protection 
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current at any time. The chief concern 

with differential relays is to see that they 

do not respond too readily to transient 

currents and to be sure that their multiple 

trip circuits are in an operable state at all 
times. So sensitive is the usual current- 

differential protection that a loose con- 

nection on one current-transformer wire 

has been known to operate the relay con- 

nected with it. 

The chief sources of trouble for which 
the designer must be on the watch when 
working up the studies for a differential 
protection are: 


1. The possibility of the generating ca- 
pacity of the system being so reduced under 
light load conditions that the fault current 
available in the protected zone may be in- 
sufficient to operate the relays. 


2. The possibility that the relays may be 
so sensitive that they may operate during 
periods of transient differential currents, 
which may be produced by the magnetic 
characteristics of the transformer and of the 
current transformers, at times of switching, 
or of heavy faults which draw current 
through the protected zone but are them- 
selves outside of it. 


In the past there was some doubt about 
the suitability of bushing-type current 
transformers for use in differential current’ 
schemes. It is now accepted that, except 
in the cases of those with turn ratios too 
small to be reliable for any kind of use, 
bushing-type current transformers are 
as reliable as wound ones for relay work, 
especially when the relays are required to 
work, that is, during periods of heavy cur- 
rent flow due to fault conditions. 


Fundamental Principles 


Let us now review the more important 
basic conditions which must be satisfied 
in all reliable current-differential protec- 
tive schemes for three-phase transformers. 


1. Current transformers must be provided 
in every phase connection to the transformer 
or transformer bank, so that all current 
entering and leaving the windings by normal 
paths may be properly measured and ac- 
counted for in the balancing of the differ- 
ential circuit. 


2. Delta-connected transformer windings 
ordinarily are provided with current trans- 
formers with wye-connected secondary wind- 
ings. They are the most accommodating of 
all circuits for which to provide differential 
protection, because, provided proper at- 
tention is paid to the ratio of the current 
transformers, it is immaterial whether their 
current-transformer secondary circuits be 
wye-connected or delta-connected. 


3. Any transformer windings which are 
connected in wye or zigzag and are so ar- 
ranged that current can return to any 
phase through a neutral connection will at 
times have some current returning which is 
not measured by the phase current trans- 
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Figure 2. Three-phase delta-delta 
transformer-bank differential pro- 
tection 


formers. This would cause an unbalance in 
the differential circuit. This unbalance will 
take the form of zero-phase-sequence com- 
ponents in the current-transformer second- 
ary circuits which measure the currents in 
the wye-connected or zig-zag-connected 
transformer windings. Currents which do 
not sum to zero in delta-connected current- 
transformer secondary circuits will circulate 
the difference current around the delta. 
This circulating current is for all practical 
purposes the sum of the zero-phase-sequence 
components and corresponds to the power 
current returning through the neutral con- 
nection. The currents leaving from the 
delta and entering into the differential cir- 
cuit will be a true measure of the phase 
power currents and will balance out satis- 
factorily. Because of these facts, it is 
generally accepted that circuits connected 
to wye- or zigzag connected transformer 
windings must have a delta circulating path 
for the zero-phase-sequence components in 
_ their current-transformer secondary cir- 
cuits. This is necessary to ensure that 
neutral currents will not upset the differ- 
ential current balance and thus operate the 
relays for some external condition when 
there is no fault in the differentially pro- 
tected transformer zone. 


4, The instantaneous vector sum of all the 
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g Equals 2,506 X ¥2/5 to compensate for the delta 
connection. 

* Auxiliary current-transformers 15/5 amperes cur- 
rent step-down to compensate for the delta plus 
inverted delta connection. 
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Figure 3. Three-phase wye-delta 
transformer-bank differential pro- 
tection 


currents from the current-transformer leads 
connected to the relay for any one phase 
should be as nearly as possible zero at all 
instants of time when no internal fault exists. 
For this reason the phase angles between 
all the currents must be theoretically either 
zero or 180 degrees, depending upon the 
relation of the power transformer windings 
to each other, when no internal fault exists. 


5. The current transformers in all connec- 


tions to the transformer bank must have 
their performance characteristics so well- 
matched that transient differential second- 
ary currents may be held to a minimum at 
all times when no internal fault exists. 


Conditions 1, 2, and 3 can usually be 
arranged without much difficulty. Con- 
ditions 4 and 5 are ordinarily speaking 
never possible to be achieved to within 
their closest theoretical limits. 


The Current Connections 


The simplest case of all is that of a 
single-phase two winding transformer as 
shown in Figure 1. The three-phase two- 
winding  delta-delta-connected  trans- 
former bank shown in Figure 2 is quite 
commonplace. Another case quite as 
common is the wye-delta-connected trans- 
former bank shown in Figure 3. These 
three cases serve to illustrate how condi- 
tions 1, 2, and 3 are usually satisfied. 

It should be noted that no neutral 
current or ground fault current can return 
to the delta-connected windings of a 
transformer bank, except through the 
admittance of the windings from the cores 
to their conductors. This current is al- 
ways of a very small magnitude and can 
be ignored for the purposes of studies in 
current-differential protection. 

It should also be noted that by putting 
wye-connected current transformers on the 
delta side of the transformer bank and 
delta-connected current transformers on 
the wye side of the transformer bank, the 
phase angles of the secondary currents 
can quite easily be adjusted so that they 
will satisfy condition 4. 

The case of the delta-zigzag transformer 
bank shown in Figure 4 is one of the 
newer ones to come up, and, as will be 
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Figure 4.  Three-phase delta- 
zigzag transformer-bank differ- 
ential protection 


seen by a study of its vector diagrams, is 
a hybrid one. The phase relations of the 
high-voltage and low-voltage circuits are 
the same as those for a delta-delta-con- 
nected transformer bank. There is a 
path for zero-phase-sequence current 
through the neutral connection of the 
zigzag winding; therefore, the current 
transformers on this side must have their 
secondary circuits connected in delta. 
We must not shift the phase relations of 
the current-transformer secondary cur- 
rents on the delta side, and so these cur- 
rent transformers must have their second- 
ary windings connected in delta also. 
This differs from the arrangements shown 
in Figures 2 and 3. 

The three-winding delta-zigzag-wye 
transformer bank, shown in Figure 5, 
presents an interesting problem. Let us 
look at the connections of the windings 
and from the foregoing discussion decide 
what the requirements will be for each 
set of windings of the transformer bank. 
1. The high-voltage winding is delta-con- 
nected and, therefore, will have current 
transformers with wye-connected secondary 
windings. 


2. The intermediate-voltage windings are 
connected in zigzag, and, therefore, the cur- 
rent transformers must be delta-connected. 


3. The low-voltage windings are wye-con- 
nected, and, therefore, the current trans- 
formers must be delta-connected. 


Now the vector diagrams for the trans- 
former bank show that the intermediate- 
voltage and the low-voltage windings have 
their output currents 30 degrees out-of- 
phase with each other; therefore, they 
cannot ordinarily both have current 
transformers with delta-connected second- 
ary circuits and at the same time have 
their phase angles adjusted to a balanced 
condition. Furthermore, the high-voltage 
windings and the intermediate-voltage 
windings have their output currents in- 
phase with each other, and, therefore, the 
phase angle must not be disturbed as 
would be the case with dissimilar current- 
transformer connections. 
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The high-voltage delta-connected wind- 
ings, having wye-connected current trans- 
formers, will provide secondary currents 
which represent the phase angles of refer- 
ence to which the secondary currents from 
the current transformers connected to the 
other two sets of power windings must be 
adjusted. 

This difficulty can be overcome suc- 
cessfully by the arrangement shown in 
Figure 5. The current transformers in 
the leads to the zig-zag windings are con- 
nected in delta. This has provided the 
necessary circulating path for the zero- 
phase-sequence components, but it has 
shifted the phase angles of the currents. 
A set of auxiliary current transformers 
must now be used to shift the phase angles 
back again. It should be noted that 
normally there will be a one to three 
step-up in current from the secondary 
currents in the original current trans- 
formers to the output of the auxiliary 
current transformers into the differential- 
relay circuit. This factor and any other 
adjustments in ratio that may be neces- 
sary can be taken care of by selecting 
auxiliary current transformers of a suit- 
able ratio. 

To determine the ratio required let: 


I,=the current in amperes from the zig- 
zag windings of the power trans- 
formers 

J,=the current in amperes required for 
the current differential circuit 

R,/1=ratio of the current transformers in 
the leads from the zigzag windings of 
the power transformers 

R2/1=ratio of the auxiliary current trans- 
formers 


Then 
I,-(a/3)? 


R= 
mR I, 


The low-voltage wye-connected wind- 
ings present no difficulty. The delta- 
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connected current transformers provide 
the necessary circulating path for any 
zero-phase-sequence components, while 
the phase angles of the secondary output 
currents are adjusted to match those from 
the high-voltage side. 

A more complicated case is the one of 
the “Scott’’-connected transformer bank 
as shown in Figure 6. It will be noticed 
that the worst possible condition for 
current-differential protection has been 
considered. The high-voltage circuit is 
three-phase four-wire. The low-voltage 
circuit is two-phase four-wire and also 
has the mid-points of the phase windings 
of the transformers interconnected and 
grounded. Here are possibilities of three- 
phase neutral current and also of two-phase 
neutral current. Obviously, the three- 
phase current transformers must have 
their secondary windings delta-connected. 

The two-phase circuit presents the real 
problem. We have to achieve two things: 


1. To arrange that the over-all ratio of the 
current transformers is such that the final 
output will be of the right magnitude for the 
current differential circuit. 


2. To change these output currents from 
two-phase to three-phase. 


Of course the fundamental idea must 
be the same as that of the “Scott” con- 
nection, but it is not so easily accom- 
plished with current transformers as with 
power transformers. The transformer 
producing the current in the phase W-X 
is the teaser of the transformer bank. 
Therefore, the current transformers in 
the circuit W-X must perform the same 
function in the current-differential cir- 
cuit, by producing the quadrature com- 
ponents for B and C phases as well as 
providing the current for A phase. 

Three auxiliary current transformers 
are required: two of them must have 
three windings, the other needs only two 
windings. 
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The two three-winding current trans-_ 
formers are called phase-mixing trans- 
formers for want of a better name. As 
will be seen, one of them mixes phases — 
W-X and Y-Z to produce a resultant cur- — 
rent for B phase. Similarly, the other one 
mixes phases W-X and Y-Z to produce a 
resultant current for C phase. The dif- 
ference between the two resultants is 
achieved by reversing the direction of the 
current Y-Z in one of the phase-mixing | 
transformers. 

The two-phase current transformers 
have no interconnection between phases - 
W-X and Y-Z. Therefore, any two-phase 
neutral current components when passing 
through the auxiliary current transformers 
will produce three-phase zero-phase- 
sequence components in the output cir- 
cuits. 

By connecting the output windings of 
the auxiliary current transformers in 
delta, a circulating path is provided for 
the zero-phase-sequence components, and 
the phase angles of the output currents 
are adjusted to match those from the 
three-phase side. 

Let us now get on to the determination 
of the current transformers required. 

Let 


I,=the current in amperes in the three- 
phase side of the power transformers 


J,=the current in amperes in the two- 
phase side of the power transformers 

ee the currents in amperes in the re- 
arid "bs spective current-transformer sec- 
ne ondary windings on the two-phase 


side 

T,=the current in amperes required for 
the current-differential circuit 

=ratio of the current transformers in 
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the three-phase leads of the power 
transformers 

R;/1=ratio of the current transformers in 
the two-phase leads of the power 
transformers 

R;/1=ratio of the auxiliary current trans- 
former for A phase 


Iy-2V3 


Rs a ia 


Now when J,_,;=J,-.=1, 


then the current input for B and C 
phases equals 


0.8661, —2+30.5Iy—z 


and the ratios of the phase-mixing trans- 
formers when expressed in terms of am- 
peres will be 

ae 

/3 

This expression will hold good for any 
values of I,,_z, Iy-z, and J,, even if they 
are not equal. 

Generally speaking, a transformer dif- 
ferential protection should cover not only 
the transformer bank but as much more 
of the station equipment as possible. 


In Figure 7 there is shown an arrangement 
which can be considered as_ typical. 


1.1541y—2/2Iy-2 
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Here there is shown a_three- -winding 
transformer together with its necessary 
circuit breakers and connections which 
are all included under the one differential 
protection. A fault anywhere in the cir- 
cuits between the transformer and the 
six groups of current transformers, includ- 
ing the transformer itself, will cause the 
differential relays to operate. In large 
stations the bus bars indicated and the 
circuit breakers connected to them may 
be separated by considerable distances, 
so that the connections may include quite 
long pieces of cable. The differentially 
protected zone would then reach out to 
cover equipment situated all over the 
station installation. 


Disturbing Factors 


The foregoing discussion of the current- 
transformer circuits is based on the 
assumption that all instruments and ma- 
chines with magnetic cores behave abso- 
lutely normally at all times. They do so 
only after the currents have reached their 
steady state. Unfortunately, they behave 
very abnormally during the times that 
transformers or machines are being cut in 
and out of service, and also during the 
times of heavy faults anywhere on the 
system which can greatly disturb the cur- 
rent conditions in dny particular pro- 
tected zone. 

The most usual abnormal conditions 
are referred to as 


1. Through-current transients. 


2. Transformercharging-current transients. 


Through-current transients are caused 
by faults which draw very heavy currents 
through the transformer bank, and the 
transient magnetic characteristics of the 
circuit are such that, for a few cycles, 
the current transformers on one side of 
the transformer bank do not deliver sec- 
ondary currents which will balance those 
from the other side. 

Transformer charging-current transients 
are caused by the inrush of the charg- 
ing current of the transformer bank at the 
instant that the first circuit breaker closes. 
Obviously, the current must appear in the 
current transformers on one side of the 
transformer bank only when only one 
circuit breaker is closed. Fortunately 
this current persists for only a few cycles 
also. 

Without discussiong these disturbing 
factors in further detail, let us say that 
the problem that confronts one from both 
of these conditions is to get the relays to 
ignore these transient currents and still 
remain sensitive enough and fast enough 
to clear any faults in their zone of pro- 


Shill—Transformer Differential Protection 


tection before excessive damage can result 
from them, 

Here again the war conditions enter into 
the picture, Old transformers often take 
very high charging inrushes of current. 
Current transformers of older types often 
have saturation curves and d-c time con- 
stants which differ widely from those 
which are built today. In fact, many of 
them were built when little attention 
was paid to standardization of perform- 
ance. Therefore, one may be forced by 
circumstances to make use of current 
transformers which have characteristics 
differing very widely one from another. 
These conditions are almost sure to pro- 
duce excessive current-transformer tran- 
sient differential currents. 

There are quite a few types of relays on 
the market which are arranged to be 
restrained during transient conditions and 
are designed on very sound theoretical 


HIGH-VOLTAGE 
BUS BARS 


2/46-7 


pegs 
‘OLTAGE 
BUS BARS 


a) 
LOW-VOLTAGE 
BUS BARS 


Figure 7. Grouping of current transformers for 
transformer-bank zone differential protection 


Single-phase connections shown 


bases for the purpose. Unfortunately, 
these relays are quite expensive to put 
into temporary installations. Also it is 
becoming more and more difficult to ob- 
tain relays of ordinary standard types, 
let alone those which are of quite special 
types, as these restrained relays are. 


Tolerable Differential Currents 


There are some compensating factors 
which help to simplify the problem. It is 
quite obvious that insofar as the relays 
are concerned, either the transformer 
charging current, or the through transient 
current will produce the greater differen- 
tial current. Therefore, if we can restrain 
them for the greater current, we shall have 
no trouble with the smaller one. 

In case of a fault in the protected zone, 
the damage done will be a function of the 
time that the fault persists and of the 
watts that are poured intoit. If the im- 
pedance to a fault be high, and the 
power fed into it be therefore low, one 
may stretch out the time it may be al- 
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lowed to persist without doing any exces- 
sive damage. 

It is quite usual in practice to find that 
current transformers cannot be arranged 
so that the differential current through the 
relays is zero at all times. There will 
almost always be some permanent dif- 
ferential current flowing which will be 
added to the true differential current 
under fault conditions. Insofar as the 
relays are concetned, this permanent dif- 
ferential current is the same as a perma- 
nent fault of very high impedance. A 
transient differential current will be the 
same as a transient fault, usually of rela- 
tively high impedance. 


The Relays 


Let us assume that one has not much 
choice of the current transformers and 
relays that one can obtain for any given 
differential protection. Let us assume 
also that, in a hypothetical case, mathe- 
matical investigation has yielded the fol- 
lowing results for a normal five-ampere 
relay circuit on a 60-cycle system. 


Maximum differential cur- 
rent due to through-cur- 
rent transients —12 amperes 
for 20cycles 

Maximum differential cur- 
rent due to transformer 


charging-current tran- 


sients —15 amperes 
for 15cycles 
Normal 125 per cent load 
differential current 
through relays —2 amperes 
Maximum fault differential 
current under minimum 
system generating capac- 
ity —65 amperes 


If we can obtain both time delay and 
instantaneous relays of suitable types, 
we can adequately protect the trans- 
former bank by using one instantaneous 
and one time relay per phase and set 
them as follows: 


Instantaneous relay: Pickup at 20 amperes 
Time delay relay: Pickup at 2.5 amperes 
Operate at 14 am- 
peres in 30 cycles or 
at 17 amperes in 23 

cycles. 


The actual setting of the time-delay 
relay will depend upon its inherent char- 
acteristics. It must be determined by 
test. Let us suppose that for a given 
relay setting we get the following per- 
formance: 


Operate at 14 amperes in 30 cycles. 
Operate at 17 amperes in 15 cycles. 


and for another setting we get 
Operate at 14 amperes in 35 cycles. 


Operate at 17 amperes in 23 cycles. 
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Then the second setting should be the 
one to be selected, because it gives ample 
time clearance for both through-current 
transients and transformer charging-cur- 
rent transients. The first setting comes 
too close to the anticipated time for 
transformer charging-current transients 
to persist and might result in false opera- 
tions. 

Almost always the fault current will be 
high enough to operate the instantaneous 
relay, but the time-delay relay is neces- 
sary to provide against faults at times 
when the short-circuit current to the fault 
would be sharply limited by the system 
setup. Transient currents will not oper- 
ate the instantaneous relays, because 
they cannot reach a high enough value. 
They may, however, start the time-delay 
relays in operation, but they will die out 
before the relays can close their contacts. 
The low value of pickup current of the 
time-delay relays—0.5 amperes above the 
normal 125 per cent load differential cur- 
rent—will ensure that they will operate 
under minimum fault conditions and will 
not pick up under normal conditions. It 
is true that the time will be long in clear- 
ing, but the limited power available at 
the fault will limit the extent of the dam- 
age that can be done. Most manufac- 
turers of relays now combine these two 
types of relays in one case. 


In some places it is customary to use 
some sort of additional suppresser circuit 
to handle transient conditions. The sup- 
presser circuit is usually arranged to shunt 
away part of the transient differential cur- 
rent from the usual percentage differential 
type of relays and slow up their action 
until the transient conditions have passed. 
This arrangement has one great disad- 
vantage. There is no instant of time 
when a fault may show up in a trans- 
former bank or its connections in the 
protected zone more than the one when 
the first circuit breaker closes and the 
charging current rushes in. A suppresser 
circuit makes the relays far less sensitive 
while it is in operation than they would be 
normally. Therefore, any fault develop- 
ing before the suppresser circuit has timed 
itself out will require a much greater fault 
current to operate the differential relays 
than would otherwise be necessary. At 
times with low generator capacity in 
service this may cause a complete failure 
of the differential protection. Some sup- 
presser circuits, which operate on straight 
voltage for their timing, could never time 
out during heavy faults in the protected 
zone, due to the voltage around the zone 
falling to a very low value, perhaps almost 
to zero. 


On the whole, considerable tolerance 
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can be allowed in the selection of current — 
transformers and relays for current-dif- 
ferential schemes as will be seen from 
Tables I and II. Table I is worked out for | 
a delta-zigzag-wye transformer bank such. 
as the one shown in Figure 5. Table IJ is 
worked out for a “‘Scott’’-connected bank 
as shown in Figure 6. 

While it is always better to have in- 
struments such as relays perform a func- 
tion for which they have been especially 
designed, there are often quite a few ap- 
plications for relays of certain types — 
which were not contemplated at the time — 
the relays were originally thought of. 
Fortunately, ordinary overcurrent relays. 
can, with care, be made to suffice quite 
well for transformer differential protec- 
tion, if time and money are important 
factors in getting the installation into 
service. 


Conclusions 


The most important and, in fact, the. 
essential thing to make sure of in the de- 
sign of a current-differential protective 
circuit is that the instantaneous directions 
of the various currents which must be 
matched are right and that they cancel 
out fairly well at the relays. This require- 
ment naturally presupposes that there 
will be no phase-angle shifts between the 
currents coming into the relay for any 
one phase at any time. The exact balance 
of the magnitudes of the various currents. 
is not very critical. The exact matching 
of the characteristics and ratios of the 
current transformers, which are used, is 
not necessary under ordinary circum- 
stances. It may be necessary where 
unusually high sensitivity is required. 
While special types of relays for this work 
are normally available and give good 
results, it is not essential that one have 
anything but some reliable instantaneous. 
and time-delay overcurrent relays in 
order to provide adequate protection in 
most cases. Necessary phase-angle shifts. 
of currents, in order to adjust the in- 
stantaneous directions of the currents. 
reaching the relays, can be made with 
auxiliary current transformers. These 
should have as low an internal burden as 
possible, in order not to upset the ratios of 
the power current transformers with which 
they are connected during heavy current 
periods. In current transformer circuits. 
connected to transformer windings which - 
have a return path for current through a 
neutral connection, a delta circulating 
path for the zero-phase-sequence com- 
ponents in the phase leads must be pro- 
vided. 
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| aoe paper gives a brief report on 
‘certain installations of air-blast cir- 
cuit breakers now in service in Canada, 
including results of interrupting tests and 
operating experience. 

There are in service in Canada 23 air- 
blast breakers of 69 kv, 138 kv, and 230 
‘ kv of the types illustrated. There are 
37 breakers in service on 13 kv and 4 ky. 

These breakers are in service in ten 

different stations in various localities. 

Figure 2 illustrates an installation of 

: two 230-kv breakers in a station, carrying 
a load of about 250,000 kva per breaker. 
_ Two identical breakers are in service in 
_ another city. 
__ Figure 4 shows six 138-kv breakers in 
a switchyard built for ten air-blast 
_ breakers. This switchyard was built in 
_ 1934, and 138-kv air-blast breakers have 

been in service continuously since that 

time in this installation. 
Figure 5 shows three 138-kv air-blast 
_ breakers in a city station of 135,000-kva 
transformer capacity. 

In Figure 6a is shown a 138-ky breaker 
in a downtown city station of 80,000-kva 
transformer capacity, fed by 120-kv 
underground cables. This station is 
built for air-blast breakers exclusively 
and will have an ultimate installation of 
24 15-kv and 36 4-kv breakers. 

Figure 7 shows one of two 110-kv 
breakers at a generating station in the 
north country (above latitude 48). 

Air-blast breakers of 69-kv design are 
shown in Figure 8, in service in a city 
station of 40,000-kva transformer capac- 
ity. In Figure 11 is shown one of five 
69-kv breakers in a terminal station 
where the short-circuit duty is 1,100,000 
kva, this being the recorded interruption 
on test of one of these breakers in this 
station. 

Air-blast breakers in service on 11-kv 
generator voltage are shown in Figures 
13 and 14. Figure 15 shows a group of 
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Some Air-Blast Circuit-Breaker 


Installations 


in Canada 
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seven 4-kv breakers now in service in 
Western Canada. 


Interrupting Tests 


The type of 230-kv breaker illustrated 
has been tested at the station where 
these breakers are in service, located near 
the center of three large power systems 
operating in parallel with a combined 
generating capacity of about 2,750,000 
horsepower. The maximum short-circuit 
duty at this location is 2,500 amperes at 
230 ky or 1,000,000 kva, which is the 
recorded interruption on test of this 
breaker as shown in oscillogram, Figure 3. 

The breaker is rated at 2,500,000 kva or 
6,250 amperes at 230-kv three-phase, an 
amount of short-circuit current not avail- 
able for test in Canada. However, this 
breaker has six interrupting elements in 
series per pole, and tests have been made 
on one of these elements interrupting 
5,385 amperes with 58.8 kv across the 
element (see oscillogram Figure 6). This 
test voltage, 58.8 kv, is about 2.67 times 
the voltage impressed on each of the 
elements when interrupting a_ short- 
circuit current (assuming line-to-neutral 
voltage across each pole and equal voltage 
across each of the six elements in series). 
If the voltage across one pole is assumed 
to be 1.5 times line-to-neutral voltage, 
then the above ratio of 2.67 would become 
1.78; that is (under the last assumption) 
the single element was tested at 1.78 times 
its rated voltage and interrupted 5,385 
amperes which is 86 per cent of 6,250 
amperes, its rated current. Multiplying 
1.78 by 0.86 gives 1.54; that is, the test is 
an indication that the breaker would 
interrupt 6,250 amperes with a voltage 
across one element 1.54 times the normal 
(equally divided) voltage, and with a 
voltage across the same pole of 1.50 times 
the line-to-neutral voltage. It will be 
noted that the only extrapolation in the 
above is from 5,385 amperes test current 
to 6,250 amperes rated current, that is, 
an assumption of the same kilovolt- 
ampere capacity at 6,250 amperes. The 
assumption of 1.5 times line-to-neutral 
voltage across one pole is one which has 
been commonly used, and the assumption 
of 1.54 times the equally divided voltage 
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across one element is believed to be more 
conservative than necessary. The os- 
cillogram shows that the are voltage (six 
arcs in series) is so low that it could be 
applied all across one element and be 
only a small fraction of 22 kv (the equally 
divided voltage across one element). 
Hence, if there is any practical inequality 
of voltages across the six elements, it 
could only occur after the interruption 
(and until the opening of the series iso- 
lating switch, while the blast of air is still 
passing between the contacts). The 
electrostatic field is quite uniform, being 
determined by the metal roof 30 by 48 
inches, and a metal bedplate of the same 
size, 60 inches below it, supported on 
insulator stacks, about seven feet above 
the grounded structure. The insulating 
structure housing the contacts and are 
chutes has a large horizontal cross section. 
The six sets of contacts occupy identical 
locations in this structure. Such condi- 
tions are conducive to uniform division of 
potential across the contacts. 

Tests on the 69-kv breaker (oscillo- 
gram Figure 9) also have a bearing on the 
interrupting capacity of the 230-kv 
breaker. The interrupting element in the 
69-kv breaker is the same as in the 230-kv 
breaker, except that the width of the 69- 
kv contact (and are chute) is eight inches 
instead of five inches as in the 230-kv 
breaker. The 69-kv breaker has inter- 
rupted 10,000 amperes on a three-phase 
short circuit on a 63-kv circuit, which 
test subjected the single element of the 
69-kv breaker to a transient voltage of 


The first 138-kv air-blast breaker 
of this type 


In service from 1934 until 1940 


Figure 1. 
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Figure 2. Two 230-ky air-blast circuit breakers in service on long 230-kv lines 


One breaker carrying approximately 250,000-kva load. Four of these breakers 


in service in Canada 


 teavel Ladicator 


Figure 3. ‘‘Make-break"’ test on 230-kv breaker on 230-kv 
line, interrupting maximum current available 2,500 amperes 


Arcing time one-half cycle (see text for additional tests 
showing interrupting capacity above 2,500,000 kva) 


Figure 4. Switchyard built for ten 138-kv air-blast breakers 
Six have been installed, controlling 200,000-kw load 


Figure 5. Receiving station switchyard with three 138-kyv 
air-blast breakers installed, operating on 150 pounds per 
square inch 


Closing time 13 cycles—opening time 3 cycles 


Figure 6. ‘‘Make-break”’ test applying 58.8 kv across one 
22-ky interrupting element, interrupting 5,385 amperes, 
scceesiaibiets : = arcing time one-half-cycle 

Osco man, SS The 138-kv breaker has three of 
ge these 29-ky elements in series per 
\sassvasnsnssass pole, and the 230-kv breaker has 


1mm 2102:5 Omps oe : six of these elements in series per 
$267 ™7, - S385 aNPS. eAle 


a eee 
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/ mm. = /627 Volts 
36.2 mr: = $8809 Volts 
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Z BACK-UP BREAKER OPENED BY. FRE-ARAANGENENT _ 


Figure 6a. 138-kv breaker on an 
underground 120-kv cable-fed sub- 


station located in a downtown area 


This breaker is within ten feet of a 
busy street 


Figure 7. Two 110-kv breakers at 
generating station in northern Quebec 


These breakers have two interrupting 

elements in series per pole. Addition 

of one interrupting element per pole 

would increase voltage rating to 138 

kv and interrupting capacity to 
2,000,000 kva 


’ 
: 


; 


36.4 kv. Reducing 36.4 kv in the ratio 
of five inches to eight inches gives 22.75 kv 
as the voltage at which the five-inch ele- 
ment should interrupt 10,000 amperes. 
If the voltages are divided equally in the 
230-kv interruption, each element would 
be subjected to only 22 kv, but assuming 
1.5 times line-to-neutral voltage across 


one pole, then one element would be 


subjected to 33 kv. Reducing 10,000 
amperes interrupted on test, in the ratio 
of 22.75 kv to 33 kv, gives 6,900 amperes 
as the interruption at 230 kv, which is 
2,750,000 kva. In this case we are inter- 
polating, from the higher test current of 
10,000 amperes to the lower current 
(6,900 amperes) which would justify a 
slightly higher kilovolt-ampere rating 
than we have assumed in the voltage 
ratio calculation. 

It will be noted that none of the tests 
on this style of interrupter showed what 
is the maximum interrupting capacity. 
Each of the tests was simply made at the 
maximum current and voltage available, 
and none of the tests indicated that the 
interruption was near the limit of capac- 
ity of the breaker. 

The 138-kv breakers illustrated have 
identically the same interrupting ele- 
ments as the 230-kv breakers, with three 
elements in series per pole (instead of six). 
The tests above referred to are, therefore, 
directly applicable to the 138-kv breaker. 
The current-interrupting rating is prac- 
tically the same (6,250 amperes), and 
the voltage per element is practically the 
same. 

Tests were made also on the 69-kv 
breaker by applying 58.8 kv across one 
pole, interrupting 5,580 amperes, which 
was the maximum current available. 
The significance of these tests is the 
liberal overvoltage capacity shown (see 
oscillogram Figure 10). 

In general the tests on all of the 
breakers above referred to have shown 
arcing time of one-half cycle. The con- 
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Figure 8. Two 69- 
kv breakers in city 
station 


Switchyard laid out 
for nine of these 
breakers. Each pole 
has one interrupting 
element eight inches 
wide; otherwise the 
same as the elements 
in 138-kv and 230- 
kv breakers, which 
are five inches wide 


tacts have shown negligible burning and 
did not require cleaning up before putting 
them in service. The are did not extend 
outside of the cooling grid. All of the 
tests were “‘make-break’’ and the dis- 
connecting switch contacts making the 
short circuit performed satisfactorily (the 
motion of the switch blade being very 
fast), the are was not objectionable, and 
the contacts did not require cleaning up. 

The tests were witnessed by dis- 
interested visiting engineers from various 
power companies, and there was general 
agreement that no distress was shown in 
the interruptions. 


Operating Experience 


Service experience with  air-blast 
breakers in Canada (and the United 
States) dates from 1934 when the first 
138-kv breaker was put in service in the 
switchyard of a large generating station. 
It remained in service continuously for 
about six years interrupting all short 
circuits satisfactorily. Its isolating switch 
was very slow, and the workmanship on 
its interrupting contacts was relatively 
crude, finally resulting in overheating 


Iso). Sus. Travel 


pete 


while carrying load, and it was super- 
seded by breakers of improved design 
and workmanship. Breakers of the later 
style have been installed in the same sta- 
tion, and there are now six installed. 
This first installation demonstrated that 
there were no serious difficulties in operat- 
ing and maintaining air-blast breakers 
of that voltage outdoors in a location sub- 
ject to climatic extremes of moisture and 
temperature. The activated alumina 
twin air dryers installed in that station 
in 1934 are still in satisfactory operation 
serving six breakers. The early experi- 
ence showed the importance of extracting 
the oil vapor as well as the moisture from 
the compressed air, There was much 
improvement made in the detailed tech- 
nique of determining when the alumina 
needed reactivating; the color-changing 
alumina was a practical help, but not 
essential; the experienced operators got 
along quite well with the plain white 
product. The oil vapor (from the lubri- 
cation of the compressor pistons) requires 
a good tight woolen blanket to filter it 
out. If the blanket does not fit tightly 
in the container, the oil vapor will blow 
by. If oil vapor is allowed to pass into 
the breaker valves (especially the pres- 
sure-reducing valve), it will cause the 
small parts to stick. Consideration has 
been given to the use of oilless com- 
pressors, using carbon piston rings, but 
the maintenance of the carbon rings and 
extra cost of such compressors does not 
appear attractive nor justified. The 


‘ 


Figure 9. Three-phase ‘‘make-break”’ test on 

69-kv breaker in 63-kv circuit, interrupting 

maximum current available 10,000 amperes, 
equals 1,090,000 kva 


Opening time 3%/; cycles, including one-half 
cycle arcing (see text for additional tests indi- 
cating higher interrupting capacities) 


Test %4 - 12N- Mar. 29,1942 


Three Rivers ' 
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Figure 10. ‘“tMake- 
break” test applying 
58.8 kv across one 
40-kv _ interrupting 
element of 69-kv 
breaker 


Interrupting maximum 

current available, 

5,580 amperes, one- 
half cycle arcing 


Figure 10a. Details 
of interrupting ele- 
ment 


Two elements in 
series on 110-kyv 
breaker, three ele- 
ments in series on 
138-kv breaker, and 
six elements in series 
on 230-kv breaker 


Figure 11. 69-kv 
breaker 20 minutes 
after short-circuit test 


One pole com- 

pletely taken down, 

and inspection com- 

plete, showing ease 
of inspection 


Figure 12. ‘Inside infor- 
mation” on a 69-kv air- 
blast breaker after interrupt- 
ing four short circuits at or 
above rated capacity 


ee scammers 3 a 


2S mm = SI8O amps 


Ur BREAKER 
BY Pes 
ARRAVGCEMENT 


EXTERNAL 


MOVING CONTACT 
(CLOSED POSITION) 


JUMPER TO NEXT SECTION 
SPRING 


MOVING CONTACT 
(OPEN POSITION) 


CLMLLLLLLALLL, 


Showing ease of inspec- 

tion and minimum burning. 

Moving contact pulled 
down for inspection 


MOVING CONTACT 
CYLINDER 


woolen filter has been found quite satis- 
factory. 

There are now in service in Canada 
23 air-blast breakers of 69, 138, and 230 
kv, in seven different localities. Their 
service record is equivalent to about 
21 “‘breaker years.” 

In one instance certain new-style arc- 
chute details were installed without 
sufficient interrupting tests, because of the 
desire to meet promised shipping dates, 
and certain new parts were found neces- 
sary after the tests. In other instances, 
water had accumulated in the air piping 
and was not blown out before connecting 
the breaker, resulting in a flashover in 
one of the small porcelain ‘‘closing”’ 
tubes, requiring only replacement of the 
tube. Aside from such experience, the 
straight work of installing air-blast 
breakers does not require any greater 
skill or labor than installing oil breakers; 
in fact, the absence of any mechanical 
linkage between poles of the air-blast 
breakers eliminates the close mechanical 
adjustments required in installing oil 
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Figure 13. Delle breakers 
installed in a large power- 
house 


Main generator and trans- 

former breakers operating 

on 11 kv rated 1,000,000 

kva. This station is com- 

pletely equipped with air- 
blast breakers 


Figure 14. Factory picture, 
English Electric Company 
(Canada) of Delle breakers 


for four-kilovolt service 


These breakers are now in 
service in western Canada 


installation | of oil breakers. 

‘In the 69 ‘kv, 138-kv, and 230-kv 
breakers herein illustrated the contacts 
and other parts requiring occasional in- 
pection are very accessible. The con- 
acts can be removed and replaced in a 
small fraction of the time required for 
corresponding inspection of oil-breaker 


‘In these breakers the interrupters are 
supported on standard switch-type insula- 
‘ors (the same as used for bus supports 
and disconnecting switches). The break- 
age of the porcelain on such supports does 
not impair their mechanical strength, 
d there is no danger of the interrupter 
ulling. 

In the experience of several years of 
sting various styles of interrupter con- 
acts and are chutes to determine their 
the observers 


failure to interrupt does not result in 
ous damage. After such a failure to 


or replacement, but the remainder of the 
breaker remains intact. 

The 138-kv and 230-kv breakers illus- 
trated are readily adaptable to single- 
pole operation (automatically opening 

nd reclosing one pole only to clear a 
line-to-ground fault), because there is no 
mechanical connection between the three 
poles. The 69-kv breakers have mechani- 
cal connection, but this can readily be 
dispensed with in case single-pole opera- 
tion is desired. 

The opening time (including arcing 
time) of the 138-kv breaker is within 
three cycles. The other two breakers 
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take about three quarters of a cycle 
longer in opening. This can be shortened 
by about one cycle in the case of the 69-ky 
breakers by omitting the mechanical tie 
between the poles. The opening time is 
also influenced to some extent by the 
adjustment of certain small valves con- 
trolling the opening and closing of the 
blast valve, so that the opening time of 
the blast valves and the breaker can be 
somewhat reduced below the above 
figures. 

Regarding closing time, the breakers 
as now adjusted take about 12 cycles to 
close in the case of the 69-kv breaker, 
about 15 cycles for the 138-kv, and about 
19 cycles for the 230-kv. This time is also 
susceptible of reduction by certain 
adjustments. 

In cases where extremely fast reclosing 
is desired, this can be arranged by certain 
adjustments which advance the time of 
shutting off the blast and applying closing 
air pressure, it being unnecessary to wait 
until the isolating switch has completed 
its opening motion. 

It has been noted that all of the tests 
recorded by the oscillograms were ‘‘make- 
break” interrupting tests. The construc- 
tion of these breakers is such that the 
opening and clearing time is the same 
whether the operation is a ‘‘make-break’”’ 
or a ‘‘break’’ performance, as the breakers 
are provided with pneumatic tripfree 
valves. 

As shown by the illustrations and re- 
marks concerning the 138-kv breaker, 
even after one of these breakers has been 
installed and operated, if changes should 
be made in the system either by increasing 
the voltage or increasing the interrupting 
duty, it is a relatively simple matter to 
add one or two supporting insulators and 
one or two interrupting sections, thereby 
increasing the voltage and interrupting 
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capacity of the breaker without discarding 
any of the parts, For instance, a system 
might initially operate at 110 kv and in 
later years be raised to 138 kv or 180 ky 
by the additions to the breaker as in- 
dicated. ° 

The same remarks apply to the 230-ky 
breaker in regard to a possible increase in 
voltage from 230 kv to 280 kv for in- 
stance, which could be accomplished by 
adding one or two supporting insulators. 


Low-Voltage Air-Blast Breakers 


Figures 13, 14 and 15 show installa- 
tions of 15-ky and 4-kv air-blast breakers 
in Canada. The first few breakers of this 
type were imported from the Delle Com- 
pany in France, The other breakers of 
the same design were built by the English 
Electric Company of Canada. The inter- 
rupting capacity has been established by 
the tests made in the testing laboratories 
in France and by certain tests made in 
the testing laboratories of the I-T-E 
Circuit Breaker Company in Phila- 
delphia, Further tests have been made on 
these breakers at the stations where they 
are installed. Certain improvements in 
detail have also been made by the 
Canadian company to meet Canadian 
requirements. 

The 15-kv breakers illustrated have 
been operating satisfactorily for about 
two years on 11 kv in a large generating 
station which is equipped with air-blast 
breakers exclusively. 
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History of A-C Wave Form, Its 


Determination and Standardization 


FREDERICK BEDELL 


FELLOW AIEE 


Synopsis: With the birth of the transformer 
and the first distribution of alternating cur- 
rents, wave form assumed interest, and 
methods were developed for its determina- 
tion, chiefly the point-by-point method of 
instantaneous contact, mechanical oscillo- 
graph, cathode-ray oscillograph, and the 
oscilloscope with stabilized time axis. The 
point-by-point method, by which were 
made the first major contributions, is now 
practically superseded by oscillograph and 
oscilloscope, each finding increasing use in 
its field. 

With the determination of wave form ac- 
complished, demand arose for its standardi- 
zation corresponding to expanding applica- 
tions. No single standard being suited to 
all applications, different standards have 
been developed in different fields, as in 
power, communication, and insulation. 
While it is desirable that standards, once 
set up, remain fairly stable, they should be 
subject to review and occasional change to 
keep in step with technological advances. 
Minor revision in communication is in 
progress. Although standards in other 
fields do not appear ideal, no immediate 
revision is recommended. Forty refer- 
ences are appended. 


Alternating Current in the Late 80’s 


HE distribution of alternating current 

as we now know it began in 1885-86. 
Previous to that time, alternators were 
used to operate arc lamps in lighthouses, 
each machine operating one large arc 
lamp, but there was no distribution. 
Late in 1885, William Stanley made his 
first constant potential transformer, and 
early in 1886, using six transformers for 
operation in parallel distributed current 
at Great Barrington, Mass., to a score of 
customers at a distance of 4,000 feet. The 
secondary voltage was 100 volts. Current 
was supplied from a Siemens alternator, 
designed for 12 amperes 500 volts, im- 
ported for the purpose. At the time of 
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this first installation, it was pointed out 
by electricians that “if a high potential 
primary circuit of 500 volts or more were 
used to distribute electricity throughout 
a community, there was a grave fire and 
life danger.”” A few years later a bill was 
introduced! but not passed in the Virginia 
legislature to limit a-c pressure to 200 
volts, alternating current being con- 
sidered (by those opposing its use) to be 
more deadly than direct. 

Stanley’s installation at Great Barring- 
ton was put in regular service in March 
1886, and operated until summer, when 
an attendant dropped a screw driver into 
the alternator and ruined it. Meanwhile, 
on April 6, 1886, George Westinghouse, 
accompanied by W. L. Church, F. L. 
Pope, W. C. Kerr, and others, had seen 
the system in operation and determined 
to actively enter the a-c field. The manu- 
facture of a new type of alternator de- 
signed by Stanley, the radial-pole type 
thereafter generally used, was undertaken 
in Pittsburgh. The story is well told by 
Stanley? himself with interesting side 
lights with credit to others. 

The following winter the first commer- 
cial installation was made at the station 
of the Buffalo Electric Company. The 
question of the determination of a-c 
wave form then arose as an engineering 
problem. Before considering wave form, 
we should note the meagerness of knowl- 
edge then possessed concerning the be- 
havior of alternating currents. 

In the late 80’s many misconceptions 
impeded progress. Series versus parallel 
operation of transformers was much dis- 
cussed without adequate understanding. 
In 1886, at the very time that the parallel 
operation of transformers was successfully 
accomplished as we have just seen, a 
distinguished cantor lecturer held such a 
connection to be impracticable, main- 
taining that a separate lead to each trans- 
former would be necessary, or each trans- 
former should have a special regulating 
apparatus. 

Referring to constant current operation 
with transformer primary windings in 
series, the chief of an electrotechnical 
testing station explained:? “When no 
secondary current is flowing, the electro- 
motive force in the primary and secondary 
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coils isa maximum. (Quite correct.) We 
have consequently this disproportion that 
the smaller the output of the apparatus the 
greater the energy consumed. With the 
secondary circuit open, and a constant 
exciting current, the energy used could 
be as much as ten times as great as under 
full load.” Power factor was overlooked 
or unknown. 

The proponents of the series connection 
of transformers operated with constant 
primary current reversed the argument 
with the same misconception. They held 
that inasmuch as primary electromotive 
force decreased with increase of secondary 
load, power input also decreased (primary 
current being constant), with the happy 
result that as more power was taken out, 
less power was put in—surely a condition 
to be desired. Here again, power factor 
was neglected or unknown. Yet, without 
meters for measuring power, power factor 
or phase, such misconceptions should be 
expected; they merely reflected the state 
of the art at the time. 

The United States Patent Office had 
shown a like misconception when in 1883 
it refused‘ to grant a patent on a trans- 
former on the ground that it would be 
impossible to get a larger current out of 
the secondary winding than was supplied 
to the primary winding, but in 1886 a 
patent was allowed for this very thing. 


In the Early 90’s 


Many of the misconceptions of the 80’s 
trailed along into the early 90’s. In the 
field of alternating currents there was a 
growing collection of isolated facts, some 
understood and others not, but there was 
no broad foundation on which to stand. 
This was the situation, as recalled by the 
author in 1890 and 1891, when he first 
became interested in alternating currents 
and in wave form. The open-magnetic- 
circuit transformer was still discussed. 
The merits of the “‘nonpolar”’ transformer. 
with its closed magnetic circuit was not 
yet fully recognized. The capacity 
“effect”? with current before the electro- 
motive force that produced it (the effect 
before the cause) and the Ferranti 
“effect,” with electromotive force re- 
ceived at the far end of a cable greater 
than the electromotive force applied, were 
found baffling. 

Two “systems” of a-c distribution were 
then in use, apparently well-established: 
the ‘“‘high-voltage’” constant potential 
(Westinghouse) system operating trans- 
formers with primary circuits of 1,000 
volts and 2,000 volts, with secondary cir- 
cuits wound for 50 volts and 100 volts for 
supplying incandescent lamps in parallel; 
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wrt eysterm, about 10 
Ipe r supplying arc lamps 
S, "Transformers were limited to 
al sizes, the dictum from high sources 
it transformers larger than two kilo- 
ts would not be economical being 
nerally accepted. Higher voltages and 
he use of a-c motors were in the offing. 
The attempted use of iron wire for a-c 
transmission has been reported. 

‘It was in 1890-91 that P. N. and L. L. 
Nunn installed the first commercial trans- 
mission of alternating current for power, 
to operate a 3,000-volt synchronous 
motor at the Gold King Mine at an alti- 
tude of 11,500 feet near Telluride, Colo., 
irom water power 3,000 feet lower at a 
distance of three miles. The situation at 
that time was vividly described by P. N. 
Nunn in an address (mimeographed) 
efore AIEE Los Angeles section, May 8, 
1934, on ‘‘Early Experiences in the Power 
Industry,” from which the following is 


“In spite of its shortcomings, alternating 
current seemed the most feasible. A pair of 
conventional alternators were installed, one 
generator, the other as motor, identical 
to assure identical ‘wave forms,’ whatever 
that might be. 
“In 1890 alternating current was just 
plain freak; it did not follow Ohm’s law 
and ‘clogged’ itself in its circuits. Bedell 
and Crehore had doped out its laws and 
demonstrated their concepts in 100 pages 
of solid calculus. 

“Wattmeters had not been developed, nor 
had the term ‘power factor’ been adopted 
into the vernacular.”’ 


Evidently wave form, power factor, 
_and the clogging effect of impedance were 
_ dimly discernible. The need of a stand- 
ard wave form, ‘‘whatever that might 
be,” was thus early recognized. From 
this first power transmission it was a far 
ery to the 287,500-volt transmission with 
its magnificent equipment at Boulder 

Dam today. The increase from 3,000 
volts came slowly with gradual increasesin 
demand for more and more power from 
greater distances, with notable jumps to 
33,000, 40,000, and 60,000 volts. With 
high voltages and long distances arose 
problems of insulation and interference, 
in which questions of wave form play such 
important part. 

Going back to horse-and-buggy days, 
with constant-current and constant-po- 
tential systems both in use, the question 
arose as to whether incandescent lamps 
and arc lamps could be supplied from the 
same system. Early in 1891 a promoter, 
an ardent believer in the future of the 


constant-current system,* sought the 
Pe SS 


* Well into the present century engineers of emi- 
nence believed that constant current would be the 
ultimate in power transmission. 
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aid of A. C. Crehore and the author in the 
development of a constant-current to 
constant-potential transformer for oper- 
ating incandescent lamps from such a 
system. Easier said than done, but with 
the enthusiasm of youth, the problem was 
tackled. In this connection the develop- 
ment of the principles governing the flow 
of alternating currents was undertaken, 
while at the same time experiments were 
started on a high-voltage constant-current 


arc-light circuit, the only supply avail- 
able. 


From the experimental work much was 
learned, although it was never completed. 
As at Great Barrington it was learned that 
a short circuit by a screw-driver could 
wreck a constant-potential generator; so 
the lesson was now learned that an open 
circuit caused by the slipping of a con- 
nector from a mercury cup could wreck 
a constant-current system and cause a 
general blackout! A mercury-cup con- 
tact is ill-suited for high-voltage experi- 
ment. Permission for experiment was 
withdrawn, The work, thus summarily 
ended, was never renewed; meanwhile a 
better solution had been found by Elihu 
Thomson—the ‘“‘tub’” transformer with 
floating secondary winding delivering 
constant current from a constant-poten- 
tial primary winding. Constant-potential 
primary distribution had become firmly 
established. 


The theoretical work, on the other 
hand, the development of the principles 
governing the flow of alternating current, 
gave better results, opening a fruitful and 
ever widening field with direct bearing 
on a-c wave form. This work, prepared 
initially without thought of publication, 
formed the basis for the first paper by 
Bedell and Crehore® presented before the 
Institute at its annual convention (then 
general meeting) in Chicago just 50 years 
ago. In this the principles governing 
current flow in transient as well as in 
steady conditions were first fully de- 
veloped. The sequel published in book® 
form later in the same year defined the 
limitation to telephony (page 201) due to 
change in wave form of a complex wave 
along a line®* with distributed capacity 
and the modification produced therein 
by self-induction, successfully accom- 
plished later by M. I. Pupin with the use 
of loading coils. In it were included the 
development of vector methods for solv- 
ing a-c problems and the extensive use of 
circle diagrams, now so common. 

The first use was here*® made of 
j= —lina-c analysis. Its use in astron- 
omy and other fields had long been 
known, the symbol1/—1 as a sign of 
perpendicularity appearing in a memoir to 
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the Royal Society of Arts and Letters of 
Denmark by Caspar Wessel’ in 1797. 
It is to A, E. Kennelly,’ however, that 
credit® should be given for bringing out 
its full significance in the application of 
complex quantities to a-c problems, and to 
C. P. Steinmetz for so ably extending its 
usefulness. 

Vector methods and circle diagrams 
for solving a-c problems were not infre- 
quently criticized, when they were first 
developed, as being dependent upon the 
so-called ‘‘sine assumption,’’ whereas in 
fact electromotive forces produced by a-c 
generators are not true sine waves. To 
this criticism with its part truth there was 
no categorical answer. As a circle is 
defined by three points, a circle diagram 
permits the determination or predeter- 
mination of the performance of a-c ma- 
chines and systems with a minimum 
amount of observation and calculation. 
Experimental diagrams"? were early found 
to check** closely with theory. The 
wide use of the circle diagram today is 
evidence of its value. 

The assumption of equivalent sine 
waves has likewise proved adequate! for 
many cases. For other cases more elabo- 
rate methods,!* sometimes involving 
vectors in more than two dimensions, 
have been developed. These methods, 
also, have been criticized on the ground 
that electromotive forces produced by 
most a-c getierators are practically sine 
waves; so that these more elaborate 
methods are unnecessary. Again a part 
truth! Both assumptions, sine wave and 
nonsine wave are open to criticism, but 
each has its field of usefulness. What 
allowable limits should be set to the 
departure from a sine wave remains to be 
determined. 


Wave-Form Determination 


H. J. Ryan" in 1889 made an extensive 
study of wave forms of a closed-magnetic- 
circuit transformer under different operat- 
ing conditions, using a synchronous con- 
tact maker to obtain instantaneous read- 
ings point by point. In this way com- 
plete wave forms of currents and voltages 
and their phase relations were obtained, 
showing definitely the behavior of such a 
transformer. By this method studies 
were made of generator wave form by 
Tobey and Walbridge’* and the wave 


** It is interesting to note that such a close check, 
even though not complete, could be made without 
wattmeter, phase, or power-factor meter and with 
limited instruments for current and voltage meas- 
urements. Primary and secondary voltages were 
determined by reading, with telescope and scale, 
the elongation of two fine German-silver wires; 
primary and secondary currents, similarly, with 
two coarse wires. Very competent were the three 
observers named in the reference, with later careers 
of note. 
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forms of an open-magnetic-circuit trans- 
former by Bedell, Miller, and Wagner,” 
using a liquid-jet contact maker, with 
some modifications in methods of meas- 
urements and the use of capacitors to 
improve power factor. The open-mag- 
netic-circuit transformer with its large 
magnetizing current and low power fac- 
tor could not survive. 

The use of a synchronous commutator! 
in place of a contact maker eliminated 
error caused by duration of contact and 
made possible the direct determination of 
flux. The mechanical plotting of points 
on a synchronous drum was introduced 
by E. B. Rosa” to eliminate tedious 
plotting by hand. All methods employing 
synchronously driven mechanism, how- 
ever, had their day. Besides being 
cumbersome and inconvenient, they were 
limited to commercial frequencies and 
at best gave only points rather than con- 
tinuous curves. 

Meanwhile, a parallel development, 
starting with the optical study of the 
excursions of a telephone diaphragm, had 
led to the oscillograph,'* perfected by 
Blondel, Duddell, and others, employing 
a suspended element light enough to 
follow closely the rapid changes in a 
quantity under observation. There is no 
need for expanding on the wide and 
continued usefulness of the oscillograph 
in the determination of wave form. 
Point-by-point methods were thus out- 
moded. The moving element of an os- 
cillograph, however light it may be, has 
some inertia which, though practically 
negligible for many purposes, limits its 
ability to follow very rapid changes in 
the quantity under observation. A vi- 
brator with no weight at all would be 
most desirable. 

It had long been known that a cathode- 
ray beam would be deflected by a mag- 
netic or electric field. Ryan! grasped at 
this fact and, with a special cathode-ray 
tube made for him by Mueller Uri, con- 
structed and used the first cathode-ray 
oscillograph, an oscillograph in which 
the moving ‘“‘part’’ had no weight and 
could accurately follow the changes in 
whatever quantity was under observation. 
A new field was thus opened. 

In the cathode-ray oscillograph the 
spot of light caused by the cathode ray 
impinging on a fluorescent screen became 
a curve, by persistence of vision, when the 
cathode-ray beam was deflected simul- 
taneously by two fields at right angles, 
one field being set up by the variable 
under observation, and the other by a 
known variable of reference. Various 
Lissajous figures were thus produced. In 
studying a-c wave form, Ryan used a 
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known sine wave for reference, the re- 
sultant curve being a smooth ellipse in 
case the wave under observation was also 
a true sine wave. Departure from an 
ellipse indicated departure of the un- 
known a-c wave from a sine wave. The 
observed curve was then laboriously re- 
plotted with time as an axis, as there was 
then no means for obtaining this directly. 

The apparatus used by Ryan was 
cumbersome. The tube required 5,000- 
10,000 volts accelerating potential, ob- 
tained from a motor-driven Wimshurst 
machine. Furthermore, it required the 
maintenance of low vacuum, obtained 
from elaborate vacuum apparatus with 
frequent attention. These inconven- 
iences were overcome in the low-voltage 
hot-cathode tube of Johnson, with an 
accelerating potential of only 300-500 
volts and greater sensitivity. The tube 
contained a small amount of gas and re- 
quired no re-evacuation during its life. 
The general use of the cathode-ray tube 
for determining wave form thus became 
possible. 

To obtain a linear time axis, as now 
commonly used, required a saw-toothed 
wave for the wave of reference, instead of 
the sine wave used by Ryan. Various 
means for developing such a wave were 
advanced, some mechanical, as from a 
synchronously driven rheostat, and some 
electrical from various types of circuit. 
Mechanical means were cumbersome and 
limited in frequency range and never 
came into general use. Electrical means 
for obtaining a saw-toothed wave, prop- 
erly synchronized and _ stabilized, led 
to the oscilloscope”?! with linear time 
axis so widely used today.”:?3 . To main- 
tain curves stationary, a stable linear 
sweep circuit is essential. With the 
oscilloscope practically no energy is 
drawn from the circuit under test. 

With wave form determined, many 
methods and machines have been de- 
veloped for its analysis, when plotted 
either in rectangular or polar*™* co-ordi- 
nates, into its harmonic components. 
Early attempts were made to determine 
the separate harmonic components in 
an a-c wave by direct electrical measure- 
ment. Some success was obtained by 
resonance” and by other means, as by 
passing currents of various harmonic 
frequency through one coil of a split 
dynamometer, the current to be ana- 
lyzed through the other. The results, 
however, were meager, as the harmonic 
components without amplification, were 
too small to give significant measurement. 
Amplification, however, has made possible 
the development of many successful 
analyzers that give the components of an 


Bedell—A-C Wave Form 


| 
a-c wave directly by electrical measure- 
ment as 7, 


Wave-Form Standardization 


With the expanding use of alternating 
currents, the need for the standardization 
of wave form arose, and the adoption of 
some factor or factors that would indicate 
quantitively the degree of departure from 
a sine wave. Form factor, the ratio of 
effective to average value, although useful 
in connection with transformer loss, had 
no general significance, widely different 
wave shapes having the same form 
factor.*® Other factors were from time 
to time proposed for this purpose, in- 
cluding distortion factor, peak factor, 
harmonic factor, curve factor, and devia- 
tion, and in some cases, after discussion, 
were sanctioned by the standards com- 
mittee. Each factor had its own*! signifi- 
cance as the numerical measure of the 
departure of an irregular wave from a 
pure sine wave, varying each in its own 
way with variation of amplitudes, phase, 
and frequencies of the harmonic com- 
ponents of the wave. Each, therefore, 
had special usefulness for special pur- 
poses. Whether a single factor could be 
found, sufficiently satisfactory for all 
purposes, was a question. 

It was generally agreed that a sine wave 
of electromotive force at generator ter- 
minals or on a transmission line is best 
for most purposes, and that methods for 
prescribing allowable departure therefrom 
should be determined. In 1915 the 
standards committee, through a sub- 
committee* on wave form, undertook a 
study of the subject to ascertain what 
standard or standards could be specified 
that would be most suitable in character- 
istics and practical in application, avoid- 
ing tedious analysis and cut-and-try 
methods as far as possible. 


ADMITTANCE STANDARDS 


As the troubles caused by a departure 
from a sine wave depend in many cases 
upon the frequency of the harmonic or 
harmonics present, the assignment of 
penalties to different harmonics according 
to their frequencies appeared to be an 
obvious way to make the penalty fit the 
crime. For doing this, an admittance 
type of wave-form standard*? appeared 
well suited, with the possibility of assign- 
ing different allowable weights or penal- 
ties to harmonics of different frequencies 
according to their behavior or misbe- 
havior. The admittance of a circuit is 
readily measured, being proportional to 


* Membership of the subcommittee: F. Bedell, 
chairman; L. W. Chubb, F. M. Farmer, H. S. 
Osborne, and L. T. Robinson. 
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w ith inductance (L) decreases, with the 
frequencies of any harmonics jn the 
applied electromotive force. With L and 


reaches a resonant peak at a particular 
frequency, the broadness of resonance 
being controllable by the resistance (R). 
Values of L and C can, accordingly, be 
selected for resonance at a_ particular 
resonant frequency, giving maximum 
penalty to a harmonic of that frequency, 
the admittance and penalty tapering off 
on each side, more or less rapidly, accord- 
ing to the value of R. 


The shape of the tapering slopes on the 
two sides can be controlled to a certain 
extent by employing a composite, instead 
of a simple circuit, with R, L, and Cin the 
admittance standard. Desirable penal- 
ties can thus be assigned to different 
harmonic frequencies according to the 
degree of crime. The possibility of better 
weighting thus obtained led to the devel- 
‘opment of a composite circuit, instead of 
a simple circuit as an admittance. stand- 
ard, despite the advantage that the 
latter could be readily duplicated with 
common laboratory equipment. 


The degree of crime, however, and 
hence the penalty to be assigned, is differ- 
ent in different fields of application, as in 
power transmission and machinery, in 
communication or insulation. It soon de- 
veloped that penalties could not be uni- 
-formly prescribed in all fields, and no one 
universal wave-form standard, however 
desirable on account of simplicity, would 
provegenerally acceptable. Specialstand- 
ards thus appeared to be necessary to 
meet practical conditions in each case. 


In INDUCTIVE CO-ORDINATION 


The admittance type of wave-form 
standard was found to be particularly 
suitable in the inductive co-ordination 
field. After extensive studies of induction 
problems involving power and telephone 
systems, a telephone interference factor, 
TIF, was proposed* in 1919 and a TIF 
meter, of the admittance type, for measur- 
ing power-system wave shape in terms of 
its influence on telephone’ circuit noise. 
Definite weightings were determined, 
based on the interfering effects of different 
frequencies, depending in part on the 
telephonic equipment in use and in part on 
the characteristics of the human ear. In 
1935 changes in telephonic equipment 
and new studies led to new weightings,* 
and the name telephone interference 
factor was changed to telephone influence 
factor, as more appropriate. In 1941 
weightings® were again revised, with 
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C both in the circuit, the admittance: 


*. 
’ 


corresponding changes in the admittance 
net work of the TIF meter. Wave-form 
standards as applied to inductive co- 


ordination problems are thus being well 
cared for. 


IN THE Power Fietp 


In the power field, deviation and dis- 
tortion factors are both in use, but not 
extensively, Deviation is included in 
some specifications, and acceptance tests 
are made to see that the specification is 
met. Distortion factor* is more rarely 


_ encountered, being sometimes used by 


designers for calculating performance of 
machines. Good wave shape is a matter 
of evolution, attained by experience. 
With the increase in size of machines 
good design for wave form becomes less 
difficult. 

By American Standards Association* 
definition, 1.217-10.95.420: 


“The deviation factor of a wave is the 
ratio of the maximum difference between 
corresponding ordinates of the wave and 
of the equivalent sine wave to the maximum 
ordinate of the equivalent sine wave when 
the waves are stiperposed in such a way as to 
make this maximum difference as small as 
possible.”’ : 

“The deviation tactor of the open-cir- 
cuit terminal voltage wave of synchronous 
machines shall not exceed ten per cent unless 
otherwise specified.’”’ (Rule 3.220) 


By ASA definition, 1.218-10.95.430: 


“The distortion factor of a voltage wave is 
the ratio of the effective value of the residue 
after the elimination of the fundamental to 
the effective value of the original wave.”’ 


To determine deviation, as defined, 
requires a curve of wave form and the use 
of cut-and-try methods. Deviation is not 
directly measurable. In contrast with 
the admittance type of standard, it takes 
no account of the frequencies of the 
harmonic components, a characteristic 
which may be an advantage or a disad- 
vantage according to the use that is made 
of it. If there were simple means for its 
determination, deviation would serve well 
as a general standard, but no such means 
are available. 

Distortion factor, also, takes no recog- 
nition of frequencies, although giving 
total harmonic content. It can, however, 
be determined by analytical processes, 
and indirectly from measurement without 
requiring a curve of wave form, advan- 
tages in its favor. 


In Drevectric TESTS 
In dielectric tests, by ASA rule 2.122: 


“The wave shape of the test voltage shall 
be of acceptable commercial standards: 


* Distortion factor is frequently used in the com- 
munication field in rating high-quality program and 
broadcasting equipment. 
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that is, it shall come within the deviation 
specified as allowable in paragraph 3.220, 
The test shall be made with a voltage having 
a crest equal to \/2 times the test voltage 
specified.” 


More recent AIEE Standards” specify 
further in paragraph 3 of appendix: 


“With the test specimen in circuit, the 
crest factor (ratio of maximum to mean ef- 
fective) of the test voltage shall not differ 
by more than five per cent from that of a 
sinusoidal wave over the upper half of the 
voltage range,” 


Crest voltages and crest factor may be 
determined by the use of a synchronous 
commutator®’ or rectifying tube, specifi- 
cation for a crest voltmeter being given 
in paragraph 4-80, AIEE Standards.%” 

In a Standards subcommittee report, 
the use of crest deviation factor (the de- 
parture of the crest factor from 1.414 
calculated in percentage) is suggested, 
and it is recommended that, as deviation 
requires a trace of wave form, it be not 
used for specifying wave form in dielectric 
power-factor measurements, and that 
distortion factor be adopted in its stead. 


Summary 


Since 1890, when alternating current 
was considered just plain ‘‘freak,’’ not 
obeying Ohm’s law and ‘‘clogging itself 
in its circuits,” our knowledge (with or 
without calculus) has become greatly 
advanced and the importance of wave 
form, ‘‘whatever that may be,” so well 
recognized as to require most careful 
standardization. 

A fuller discussion of wave-form 
standardization would here be out of 
place. Standards must always be subject 
to revision with technological develop- 
ment, such revision being made only after 
a strong need has developed. This is not 
the occasion to suggest revision. 

The author has outlined the history of 
wave form, without venturing a predic- 
tion as to the future. The paper merely 
runs a thread through a maze of material 
with no pretention to completeness, the 
story being more fully told in the refer- 
ences and their extensive bibliographies. 
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Synopsis: The air-blast high-voltage circuit 
breaker has been developed and applied on 
high-voltage systems of 150 and 240 kv. 
Both single-phase and three-phase auto- 


matic high-speed reclosing can be carried 


out with this new type of circuit breaker. 


The principles of design and operation are 
explained and the construction of two high- 
voltage air-blast circuit breakers rated at 
150 kv and 220 ky, installed in Canadian 
power-distribution plants, is described and 
supplemented by a discussion of perform- 
ance tests and oscillograms. The con- 


_ struction of an air-blast circuit breaker with 


axial blast, designed for extremely high 
voltage and high interrupting capacity, is 


_ explained, and results of various tests dis- 


cussed. 


HE air-blast type of circuit breaker 
was developed very rapidly from the 
indoor low-voltage type to the outdoor 
high-voltage type of circuit breaker, as 
extensive test experience clearly showed 
the many distinct advantages of applying 
compressed air for arc interruption. 
Besides the elimination of the oil hazard, 
the application of compressed air assures 
a very fast arc-interrupting ability and 
enables extremely fast tripping and auto- 
matic high-speed reclosing, by means of 
which the ideal protection of high-voltage 
power-transmission lines can be achieved. 
The description of the following high- 
voltage air-blast citcuit-breaker installa- 
tions will show to what extent this type 


- of breaker has been developed. 


CONSTRUCTION AND OPERATION OF 150- 
Kv Arr-Biast Circuir BREAKER 


The construction of the 150-kv air- 
blast breaker is illustrated in Figure 1. 
The breaker consists of three individual 
poles which are pneumatically intercon- 
nected or controlled by a common closing 
and tripping shaft. Each pole comprises 
a compressed-air tank (1), with a control 
valve and piston assembly (2, 3, 4), and 
a porcelain insulator column (5), on which 
is mounted the arcing chamber (6), which 


- contains two arc breaks (7), and an air- 
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saving piston arrangement (8). A moy- 
able isolating contact (9) is connected in 
series with the arcing contacts and is 
operated by a rotating insulator (10). 
The stationary isolating contact (11) is 
supported on an insulator (12) which can 
be designed to accommodate, at the same 
time, the current transformers for the 
necessary protective relays and instru- 
ments. 

To obtain a maximum arc-interrupting 
effect, an optimum distance between the 
arcing contacts is required and it is, 
therefore, necessary to connect a movable 
isolating contact in series with the arcing 
contacts in order to provide a satisfactory 
isolating distance between the live breaker 
parts in the open breaker position. 
This separation of the arc-interrupting 
and isolating functions allows the arcing 
contacts to be designed relatively small 
and light, and this, in turn, makes it 
possible to obtain a very fast opening as 
well as a high-speed reclosing of the 
breaker by means of operating the arcing 
contacts only. 

In cases where automatic high-speed 
reclosing operation is required, a separate 
insulator tube (13) is applied to supply 
compressed air for the automatic high- 
speed reclosing of the arcing contacts. 


BREAKER OPERATION 


In the open position of the breaker, 
the isolating contact (9) is open while 
the arcing contacts (7) are held closed 
by spring pressure. 

When the breaker is closing an auxiliary 
control valve becomes energized and feeds 
air from the breaker tank to the isolating 
contact piston (4), which closes the mov- 
able isolating contact (9) by means of a 
bevel gear drive and the rotating insulator 
(10). 

When the breaker is tripped, com- 
pressed air is fed through an auxiliary 
control valve from the breaker tank to 
an auxiliary piston (3) in order to open 
the main blast valve (2), by means of 
which air flows with high velocity through 
the insulator column (5) into the arcing 
chamber (6) and opens the arcing con- 
tacts (7) pneumatically and extinguishes 
the arc at an early current zero. After 
the arc is extinguished, the air-saving 
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piston (8) closes, and full air pressure is 
maintained between the open arcing con- 
tacts to provide a high dielectric medium 
which prevents reignition of the arc dur- 
ing the time when the movable isolating 
contact (9) opens. The pneumatic con- 
trol is so arranged that, as soon as the 
isolating contact is fully open, the main 
air-blast valve closes again, and only the 
arcing contacts move back into closed 
position because of spring pressure. 

In case automatic high-speed reclosure 
is applied, the arcing contacts open as on 
a normal tripping operation, but without 
operating the movable isolating contact 
(9), and they are held open under air pres- 
sure until, by means of an auxiliary air 
supply through the reclosing insulator 
tube (13), these contacts reclose again. 

In case of a permanent fault, the 
breaker immediately opens again after 
the first automatic reclosure, in a similar 
way as on a normal three-phase tripping, 
by the opening of the arcing and isolating 
contacts, and will remain in open position, 


150-Ky Air-Blast Circuit-Breaker 
Installation in Canadian Power 
Plant 


Figure 2 shows the air-blast breaker 
installation of the Aluminum Company at 
Arvida. This breaker, designed for a 
service voltage of 150 kv and-an inter- 
rupting capacity of 1,800,000 kva, has 
been in service since 1939. The large in- 
sulators in the foreground, upon which 
the stationary isolating contacts are 
mounted, also contain the current trans- 
formers which are necessary for the pro- 
tective relays; otherwise the construction 
is the same as described previously. 
Automatic reclosing operation was not 
requested, and, therefore, this breaker 
was not equipped with reclosing device. 


ARCING CHAMBER 


The construction of the arcing chamber 
of this breaker is illustrated in Figure 3. 
Two arc breaks are connected in series 
which operate as follows: 


When the main air-blast valve has opened, 
compressed air flows under high velocity 
through the hollow breaker insulator column 
and ducts into the outside space of the 
lower and upper arcing chambers, by which 
means the arcing contacts (1) move their 
full stroke away from the stationary arcing 
contacts (2), thereby striking the arcs. 
Compressed air rushes through the hollow 
movable arcing contacts and through the 
muffler (3) to the open air and envelopes 
the arcs by a stream of high-velocity air 
which extends the arcs while, by forceful 
cooling due to air expansion, the arc paths 
become deionized to such an extent that the 
arcs extinguish at an early current zero. 
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When the arcing contacts move into the 
open position, some ports (4) become un- 
covered, through which compressed air can 
flow to the underside of the air-saving 
pistons (5), and, therefore, these pistons 
move against the arcing chamber partition, 
thus preventing a further escape of com- 
pressed air from the arcing chamber to 
atmosphere. A pneumatic time lag retards 
the closing of the air-saving pistons long 
enough to ensure positive extinction of the 
arcs. At the same time, when compressed 
air is fed into the arcing chamber, it is also 
admitted to an auxiliary piston which opens, 
with a time delay of a few cycles, the mov- 
able isolating contact. After the latter is 
fully open the main blast valve closes, and 
the air-saving piston returns to open 
position. 


OPERATION 


The operation of this type of air-blast 
circuit breaker is illustrated in oscillo- 
gram Figure 4, where a make-break opera- 
tionis recorded. Ona single-phase short- 
circuit at a voltage of 142 kv, a current 
equal to a three-phase interrupting ca- 
pacity of 638 megavolt amperes was 
interrupted. As indicated on this oscillo- 
gram, the short-circuit was initiated at 
(1), at (2) the breaker tripping coil was 
energized, at (3) the arcing contacts were 
separated, and at (4) the are interruption 
was completed. Including the arcing 
time of 0.007 second, the short-circuit 
interrupting time of the breaker proper 
(protection relay time excluded) amounted 
to 0.046 second. 

The first high-voltage-type air-blast 
breaker in Canada was installed at the 
power distribution plant at Arvida in 
1939 and has operated up to the present 
time very satisfactorily without any 
failure. A second 150-kvy air-blast circuit 


870 TRANSACTIONS 


Figure 1 (left). Con- 

struction of 150-kv 

air-blast circuit 

breaker with double 
arc break 


Figure 2 (right). 

150-kvy _— air - blast 

circuit-breaker _in- 

stallation of the 

Aluminum Company 
of Canada, Lid. 


breaker was installed at the same power 
distribution plant in 1941. This second 
breaker has also given excellent service. 
Experience has shown that no appre- 
ciable arcing-contact deterioration is 
caused even after several short-circuit 
interruptions. The inspection of the arc- 
ing contacts can be carried out in a few 
minutes, and the maintenance work on 
these breakers is very little compared to 
that on an oil circuit breaker. 


150-Kv Arr-BLast CrircuIT BREAKER 
WITH AUTOMATIC RECLOSING DEVICE 


Figure 5 illustrates the same type of air- 
blast breaker rated 150 kv but equipped 
with additional devices for automatic 
reclosing: Several breakers of this type 
are installed outdoors in European power 
distribution plants and have given very 
successful operating results on applying 
automatic high-speed single and three- 
phase reclosing. 


Oscillogram Figure 6 illustrates a short- 
circuit interruption with high-speed re- 
closing which was carried out with this 
type of breaker on an overhead line of 
150 kv. On the upper oscillogram the 
interruption of an arcing short circuit 
is shown with automatic reclosing. Ex- 
perience has shown that restriking of 
transient system faults could be pre- 
vented in most cases if the breaker stayed 
open approximately 10 to 15 cycles. 
Therefore, the breaker reclosing time was 
set in such a way that the breaker was 
delayed in reclosing approximately 0.19 
second, With this time delay in regard to 
the automatic reclosing, very satisfactory 
operating results were obtained. At a 
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voltage of 150 kv, a current of 2,200 
amperes was interrupted. The total 
short-circuit interrupting time of the 
breaker proper (protective relay time ex- 
cluded) was 0.043 second. 

The lower oscillogram of Figure 6 shows 
the interruption of a metallic permanent 


short circuit. After the first are inter- 
ruption is finished at (2), the breaker 
recloses automatically only once at (3), 
and then immediately opens a second 
time by a final trip and stays open. 


BREAKER OPERATION AT LOW TEMPERA- 
TURE AND UNDER HeEAvy IcE ForRMA- 
TION 


In order to check that the movable 
breaker parts and piston mechanism oper- 
ate reliably even under heavy snow and 
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Figure 3. Arcing chamber of 150-ky air- 
blast circuit breaker 
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Figure 4. Make-break operation on a single- 


_ phase short-circuit by 150-kv air-blast circuit 


ee 


breaker 


e,—Line voltage (142 kv) 

e —Recovery voltage (130 ky) 

| —Fault current (2,450 rms amperes) 
i —Tripping-coil current 


ice formation, extensive tests under 
similar conditions as shown in Figure 7 
have been carried out with various high- 
voltage air-blast breakers, and it was 
found that, even under extremely heavy 
snow and ice formation, all the movable 
breaker parts operated very satisfactorily, 
both as to tripping and closing of the 
breaker. 

In order to prevent condensation and 
ice formation inside the outdoor air-pipe 
system and breaker parts, special air- 
drying equipment was applied through 


150-kv outdoor air-blast circuit 
breaker with automatic high-speed reclosing 
devices 


Figure’ 5. 


DECEMBER 1942, Vov. 61 


Figure 6. Short-circuit inter- 

ruption with automatic reclos- 

ing by 150-kv air-blast circuit 
breaker 


e—Line voltage (150 kv) 
i—Fault current (2,200 rms 
amperes) 


which the compressed air is filtered and 
dried. Furthermore, an additional out- 
door-erected air-storage tank was used in 
order to refill the breaker air tank; at each 
breaker operation, with air at approxi- 
mately the same temperature as the 
breaker parts. 


220-Kv Air-Blast Circuit Breaker 
Installed Outdoors on a Canadian 
High-Voltage Power Line 


Figure 8 shows a 220-kv air-blast high- 
speed circuit breaker installed in the out- 
door switching station of the La Tuque 
power plant of the Shawinigan Water and 
Power Company. This breaker is rated for 
an arc-interrupting capacity of 2,500,000 
kva at 220 kv and is equipped with 
additional devices for carrying out single- 
phase or three-phase automatic high- 
speed reclosing. 


CONSTRUCTION 


Each breaker phase has a separate 
undercarriage upon which two large in- 
sulator columns are mounted; to each 
breaker undercarriage are attached four 
air receivers and a complete control valve 
and piston assembly as required for the 
operation of each individual breaker pole. 
Each insulator column consists of a large 
foot insulator upon which a double arc- 
ing-contact chamber is mounted, thus 
forming four arc breaks in series for each 
breaker phase. Inside the foot insulator 
are located two porcelain pressure tubes 
for supplying compressed air for the arc 
interruption and for the high-speed re- 
closing. Furthermore, to each insulator 
column is attached a movable isolating 
arm which is operated by means of rotat- 
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ing insulator and bevel gear drive from a 
separate piston on closing and normal 
tripping. Otherwise, the design of each 
insulator column is similar to that de- 
scribed on the 150-kv air-blast circuit 
breaker. 


ARCING CHAMBER 


The arcing chamber, mounted on top 
of the foot insulator, is illustrated in Fig- 
ure 9. Two movable arcing contacts (1) 
and two stationary contacts (2) are 
mounted inside two porcelain insulators 
(3), which are surrounded by capacitance 
tubes (6) which control the potential 


Figure 7. A\ir-blast circuit-breaker tests under 
heavy snow and ice formation 
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220-ky air-blast  circuit-breaker 


Figure 8. 
installation of The Shawinigan Water and 
Power Company 


distribution between the individual arc 
breaks. The movable arcing contacts 
(1) are operated by means of a differential 
piston (7) and a lever arrangement (5); 
the latter assures simultaneous opening of 
the arcing contacts in series. In the 
intermediate piece (4) and also in the 
cast-iron piece (8) located at the top and 
at the bottom of the fixed arcing contacts, 
are the air-saving pistons (9), through 
which the compressed air in the arcing 
chamber escapes to atmosphere. 


OPERATION 


When the breaker is tripped by the 
opening of the main blast valve, com- 
pressed air is supplied through the large 
porcelain pressure tube (10) and ducts 
into the outside space of the lower and 
the upper arcing chambers and also 
through a duct into the intermediate piece 
(4) behind the differential piston (7). As 
soon as the air pressure is built up, this 
differential piston opens the arcing con- 
tacts by compressing the contact spring 
(11), and a stream of air flows with high 
velocity through the hollow arcing con- 


tacts and the air-saving pistons to atmos-. 


phere, which creates a rapid deionization 
of the arcing path and extinguishes the 
arc at next zero passing. At the same 
time part of the compressed air also flows 
through a special duct into the air-filling 
volume (12), which closes the air-saving 
pistons with a certain time delay, thus 
preventing a further escape of compressed 
air to the outside after the arc is extin- 
guished. Closing the air-saving pistons, 
the compressed air re-establishes a high 
dielectric strength between the arcing con- 
tacts and, therefore, prevents reignition 
by the recovery voltage. At the same 
time, when compressed air is supplied to 
the arcing chambers, air is admitted also 
to the isolating contact piston which 
opens, with a short time delay, the mov- 
able isolating contact under no-load con- 
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dition. After the complete opening of the 
isolating contacts, the main blast valve 
closes again, the arcing contacts close, 
and the air-saving pistons open again by 
spring pressure. 

On tripping with automatic high-speed 
reclosing, only the arcing contacts open 
as previously described—but without 
opening the movable isolating contact. 
The arcing contacts are held open under 
air pressure until, by means of an auxiliary 
reclosing piston, air is admitted through 
the porcelain pressure tubes (13, 14) to the 
differential piston (7) and air-saving pis- 
tons (9), which simultaneously reclose the 
arcing contacts and open the air-saving 
pistons. 

The following operations are carried 
out by the breaker protective and control 
devices: 


By means of control relays, the breaker 
opens at the first tripping impulse, either 
single or three-phase, by the arcing contacts 
only, and recloses automatically upon an 
auxiliary reclosing relay impulse with a 
definite time-delay which can be adjusted 
to any value most suitable for the particular 
network. In case of a single-phase tripping 
by a permanent single-phase short-circuit, 
the breaker automatically recloses only once 
on the faulty phase, and immediately opens 
again by a final three-phase trip with the 
arcing and isolating contacts and stays open. 

By means of a control and minimum air- 
pressure valve, it is assured that the breaker 
operates only if the available pressure of the 
compressed air, stored in the breaker tanks, 
is in the range of the admissible operation 
pressure. If on any reclosing the air pres- 
sure drops lower than normal, the reclosing 
function will not be carried through, and 
the breaker opens immediately by a three- 
phase final tripping, which will be initiated 
by means of a contact pressure gauge. 

If while closing the breaker, an urgent 
trip is required, the air to the closing piston 
will be shut off immediately by means of an 
anti-pumping valve, which allows the trip- 
ping operation to be carried out without 
delay. By these various protective and 
control devices, it is assured that the breaker 
will always carry out the best suitable 
breaker function in connection with the 
particular operating condition. 


TEST RESULTS 


Field tests have been carried out with 
this installation where the principle func- 
tions were recorded simultaneously on all 
three breaker poles. Furthermore, by 
high-voltage short-circuit tests, the arc 
interrupting ability of the breaker was 
checked. 


The upper oscillogram of Figure 10 
illustrates the operation of this breaker in 
case of a permanent single-phase fault. 
Only the faulted phase opens initially, 
followed by automatic reclosure after a 
short time delay. Thereupon, the breaker 
immediately opens again, this time on all 
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three phases, both arcing and isolating © 
‘contacts, and remains opened. As shown — 
on the lower oscillogram of Figure 10, a . 
similar sequence is carried out for a per- — 


manent three-phase fault, except that in 


this case all three phases are opened on the — 


first as well as on the second opening. 
The recorded potential of the travel in- 


dicator, which was attached to the rotat- 


ing insulator of the movable isolating con- 


tact, shows that at the first interruption — 


the movable isolating contact did not 
move, while at the second, final interrup-. 
tion this contact opened a few cycles after 
the arcing contacts parted. 

From these oscillograms, Figure 10, the 
following breaker speeds were obtained: 
The breaker opening time until the arcing 
contacts part is 23/, to 3 cycles. The auto- 
matic reclosing is delayed 23 cycles on 
single-phase and 16 cycles on three-phase 
circuit interruption, but this delay can be 
set to any desired value by means of a re- 
lay with an adjustable time-delay device. 
The movable isolating contact parts ap- 
proximately four cycles after the opening 
of the arcing contacts. 

For testing the arc-interrupting ability 
of this breaker, special short-circuit tests 
were carried out after the installation of 
this breaker was completed. At first, sev- 


Figure 9. Arcing chamber of 220-ky air- 
blast circuit breaker 
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eral Eroricreuit tests (single-phase-to- 
ground) were carried out during which the 
line voltage was gradually raised from 220 
kv to 260 kv. A fault current of approxi- 
“mately 280 to 330 amperes was inter- 
rupted without any difficulty, with an 
arcing time of less than one cycle. 

In addition, similar short-circuit tests 
were carried out on the network with the 
power plants connected in parallel so as 
_ to obtain the maximum possible short- 
circuit capacity. With all these networks 
in parallel, the breaker interrupted a short 
circuit which was equal to a three-phase 
interrupting capacity of approximately 

1,000,000 kva as illustrated in oscillogram 
Figure 11. The time required for the 
protective relay and the auxiliary con- 
tacts of the control circuit of the particu- 
lar test arrangement was 31/2 cycles, the 
breaker opening time proper, including 
_arcing time, was only 4!/2 cycles, and the 
arcing time was less than one cycle. 

Tests also were carried out with all net- 
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works in parallel where the breaker was 
switched twice into a short circuit by auto- 
matic high-speed reclosing with a time 
delay of only 17 cycles between the first 
and the second arc interruption, and twice 
a short-circuit current of 2,740/2,330 
amperes at approximately 220 kv was 
interrupted satisfactorily with an arcing 
time at both interruptions of approxi- 
mately one-half cycle. At the first inter- 
ruption (which was equal to a three-phase 
interrupting capacity of approximately 
1,000,000 kva) the arcing contacts opened 
without opening of the isolating contacts 
and, therefore, the full recovery voltage 
of approximately 220 kv had to be held 
between the small distance of the four arc 
breaks in series until the breaker auto- 
matically reclosed again. 

All these tests, including the test with 
automatic reclosing, had so little influence 
on the large network system that these 
short circuits could hardly be noticed at 


the different power stations. Full sta- 
Figure 10 (left). 

21S 5-10 4, Automatic _ single- 

phase and three- 


phase-reclosing with 

final three - phase 

tripping by 220-kv 
air-blast breaker 


i;—Breaker control 
impulses 

Iz, la, le—Current 

of breaker phases 

ix—Tripping _ relay 
impulse 


e;—Travel indicator 


bility of the networks was maintained 
through all these various short-circuit 
tests. 


After several weeks of satisfactory 
operation with this breaker, a flashover 
took place inside the small porcelain pres- 
sure tube for automatic reclosing, and this 
put the breaker out of operation until the 
replacement of the damaged parts. It is 
assumed that probably condensation on 
the surface of this porcelain tube led to 
this flashover. 


From the various tests and operating 
results we may conclude that these high- 
voltage air-blast breakers of 150 and 220 
kv have shown the advantage of interrupt- 
ing large short-circuit capacities with an 
air stream of high velocity and the facility 
of carrying out automatic high-speed 
single and three-phase reclosing. 


Latest Design of an Air-Blast Circuit 
Breaker for Extremely High 
Voltage and High Interrupting 
Capacity 


Based on experience from the high- 
voltage air-blast circuit breakers installed 
in various power plants and on extensive 
high-voltage arc-interrupting tests car- 
ried out in their large breaker test room, 


Figure 11 (below). Interruption of a single- 

phase short-circuit to ground at 220 kv by air- 

blast breaker (interruption equal to three-phase 
interrupting capacity of 1,000,000 kva) 


i—Breaker control impulses 
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Figure 12. A\ir-blast circuit breaker for ex- 
tremely high voltage and high interrupting 
capacity with eight arc breaks in series 


Brown, Boveri and Company have de- 
veloped, in addition to the previously de- 
scribed air-blast breakers of 150 and 220 
ky, an air-blast breaker for extremely 
high voltage and high interrupting capac- 
ity as illustrated in Figure 12. 


CONSTRUCTION 


On this breaker eight potential-con- 
trolled are breaks are connected in series, 
which open simultaneously by means of 
compressed air, and which provide an 
extremely short arc interruption, In re- 
gard to the various pistons and other 
breaker parts, the design in principle is 
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Figure 13. 


Potential distribution across four 
arc breaks in series 


1. Without potential control 
2. With potential control 
3. Ideal distribution of potential 
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C— MICROMICROFARADS 
Figure 14. Increase in interrupting capacity 
and interrupting voltage in function of the 
control capacitance (C) across the four arc 
breaks in series 


similar to the previously mentioned de- 
sign but simplified to a large extent. The 
inspection of the individual arcing con- 
tacts can be carried out in a few minutes, 
since it only requires loosening the spindle 
of a press clamp for taking off the con- 
tacts for inspection. 

This breaker is also equipped with high- 
speed reclosing devices, by means of 
which single and three-phase high-speed 
reclosing can be carried out as previously 
described. 


BREAKER TESTS 


The design of this breaker has resulted 
from the following tests, which give proof 
of the interrupting ability of this breaker. 
Extensive investigations have shown that 
the application of arcing chambers with 
potential-controlled multiple are breaks 
presents the best solution for an air-blast 
breaker of extremely high voltage and 
high interrupting capacity, because it 
allows re-establishment of the dielectric 
strength across the arcing path at several 
breaks simultaneously, which extinguishes 
the arc very effectively. With the rise of 
the recovery voltage after arc interrup- 
tion, the distribution of the voltage across 
the are breaks is influenced by the charg- 
ing currents of the capacitances across the 
breaks and to earth and, therefore, it is 
of paramount importance to assure an 
equal distribution of the voltage across the 
different arc breaks by means of connect- 
ing small capacities across the individual 
breaks. 

The test results, as illustrated in Figure 
13, show clearly that the highest voltage 
across one break (with four uncontrolled 
arc breaks in series) can rise as high as 71 
per cent of the total voltage (as shown by 
curve 1) while, if all four arc breaks are 
potential-controlled by means of small 
capacitances, very equal potential dis- 
tribution between the four are breaks is 
attained (as shown by curve 2). 
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Figure 15. 


Oscillations of the recovery volt-— 
age across potential-controlled arc breaks 
during the breaker opening, recorded by 
cathode-ray oscillograph 


e—Distribution of the potential during the 
oscillation 


KO—Cathode-ray oscillograph 


The test data, illustrated in Figure 14, 
show that the admissible interrupting 
capacity can be considerably increased 
with increasing values of the small capaci- 
tances which are connected between the 
individual arc breaks. 

Furthermore, it has been proved by 
potential measurements carried out with 
a cathode-ray oscillograph (as illustrated 
in Figure 15) that during the opening of 
potential-controlled arcing contacts, the 
equal distribution of the potential is fully 
maintained and, therefore, the stresses on 
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Figure 16. Increase in interrupting capacity 
in function of the number of potential-con- 
trolled arc breaks 


ELECTRICAL ENGINEERING 


HE mathematical solution of a-c net- 
work problems, of the type known as 
load distribution and voltage studies, is 
difficult and tedious for complex networks. 
Where available, the a-c network ana- 
lyzer or calculator affords the means of 
olving this type of problem, as well as 
many other problems, with good speed 
and accuracy. 

It is the purpose of this paper to de- 
scribe a new method of calculating a-c 
network problems and to illustrate with 
a practical example how a conventional 
d-c board, comprised of resistance cir- 
cuit elements, may be used to solve load 
distribution and voltage studies. The 
writer has developed a new type of d-c 
board which would facilitate the use of 
the method described in this paper, but 
for the purpose of the present paper the 
application is limited to the existing 
types of d-c boards. 

The scope of the present paper is re- 
stricted to the analysis of three-phase 
networks with balanced loading on the 
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three phases. If the application to load 
distribution studies is understood, it is 
believed the use of the method for short- 
circuit studies will be evident. For short- 
circuit work this method can be used to 
advantage if the resistance of the net- 
work circuits is appreciable, so that a net- 
work setup representing reactance does 
not give sufficiently accurate results, 
and where a setup representing impedance 
is inaccurate because of differences in 
ratio of X to R for the circuits forming 
the network. 

In contrast with the a-c network ana- 
lyzer, inherently this method is not ex- 
act, but by successive approximations an 
exact solution may be obtained. For- 
tunately the first approximation is close 
enough for most practical problems, and 
rarely is it necessary to go further than 
the second approximation to obtain the 
desired accuracy. As the illustration 
shows, the method is simple and is quicker 
than other methods in analyzing complex 
networks with the exception of the a-c 
analyzer. Therefore the writer believes 
that the method of this paper as applied 
to a d-c board can be a useful tool for en- 
gineers in system planning work. 

Simple computations are involved to 
obtain the voltage drop in a radial cir- 


cuit with known line constants and load- 
ing, particularly when the circuit may be 
treated as a lumped impedance. 

When a current with inphase compo- 
nent (+J,) and quadrature component 
(+J;) flows through a circuit of resist- 
ance RK and reactance X, the inphase 
component of voltage drop is V,=J,R— 
I,X, and the quadrature component is 
V,=1,R+I1,X. The components of cur- 
rent and voltage drop refer to the same 
reference axis. 


If a current equal to J, is passed 
through a resistance equal to R, the volt- 
age drop I,R can be measured. If a cur- 
rent equal to J, is passed through a re- 
sistance equal to X, the voltage drop 
I,X can be measured. Likewise passing 
I, through X and J, through R, J,X and 
I,R can be measured, and, by using the 
equation for V, and V,, the values of the 
components of voltage drop are obtained. 
These simple equations are the basis for 
the method of this paper. 

When these equations are applied to 
network analysis, it is necessary to choose 
a reference voltage at one point in the 
network to which all voltage and current 
components refer for phase position. 
For simplicity, a network with balanced 
loading, is analyzed on a single-phase- 
to-neutral ‘basis. To obtain a correct 
solution, it is necessary to satisfy Kirch- 
hoff’s laws for a-c network, which may be 
expressed as follows: 


(a). The algebraic sum of the components 
of current toward any junction point is 
zero, 


(b). The algebraic sum of the components 
of voltage around any closed path in the 
network is zero. 


each individual arc break are in propor- 
tional relation to the total interrupting 
capacity. 

As aresult of these tests, a definite con- 
clusion can be drawn regarding the per- 
formance of the breaker under its rated 
interrupting capacity by applying the pro- 
portional interrupting capacity on one 
break only. This contention has been 
proved by the test data shown in Figure 16 
where it is shown that the maximum ad- 
missible interrupting capacity increases 
practically in proportion to the number of 
potential-controlled arc breaks. For high- 
voltage circuit breakers, relatively high 
interrupting capacities are required which 
far exceed the maximum short-circuit 
capacity available at the present test 
plants. It is, therefore, of great impor- 
tance to note from these tests that a 
breaker with potential-controlled multiple 
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are breaks can be tested accurately by 
interrupting the partial load with one 
break only, which enables one to judge 
what the performance of this breaker 
would be under full rated interrupting 
capacity. 

Therefore, judging from these test re- 
sults, it should be possible today to design, 
for example, an air-blast circuit breaker 
for a voltage as high as 500 kv without 
requiring a test plant of such a high volt- 
age. 


Conclusion 


The construction of the various high- 
voltage air-blast breakers and the operat- 
ing and test data show that today this 
type of breaker is developed to such an ex- 
tent that very valuable operating results 
can be obtained. In summarizing, we can 
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conclude that, besides lowering the main- 
tenance cost, the stability of the trans- 
mission systems can further be increased 
because of the breaker interrupting speed 
and the possibility of carrying out high- 
speed reclosing. . 
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In the practical network problem which 
follows, the compliance with Kirchhoff’s 
laws is illustrated; however, it should be 
noted that in this particular problem, the 
transformers involved have the same 
ratio, so that there is no boost or buck in 
the voltage in any closed path in the net- 
work, The method of treating boost or 
buck in a closed path will be discussed 
later in the paper. 


Application of Method to Network 
Problem 


Following is an outline of procedure for 
making a load distribution and voltage 
study for a complex network with the aid 
of a conventional d-c calculating board 
and illustrated with a practical problem. 
The network shown on Figure 1 consists 
of 116 miles of 115-kv and 395 miles of 
57-kv three-phase transmission circuits. 
The actual systems involved have more 
circuit mileage which is radial with re- 
spect to the network shown and so is not 
included in the problem. The estimated 
loads and generation for the December 
1942 peak are used in the study with a 
total megawatt input in excess of 200 
megawatts; however due to simplifica- 


Figure 1. One-line 
diagram of actual 
system network 
showing estimated 
net load and gen- 
eration at each bus 


12 MW. 
-6 MVAR 


19 


\ 


tion by subtracting local load from gen- 
eration, the net total input is reduced to 
157 megawatts for the purpose of the net- 
work problem. - 


1. One-LINE DIAGRAM OF NETWORK 


Figure 1 is the one-line diagram of the 
network simplified somewhat from the 
actual system to eliminate radial lines 
which are set up as loads at the network 
busses. 

The method of lettering busses and 
numbering circuits as shown on Figure 1 
is a satisfactory means of simplifying the 
recording of data and lessening the chance 
of making errors in the direction of cur- 
rent flow or voltage drop in the network 
circuits. 


2. Crrcurr CONSTANTS 


The circuit constants R, X, B, and G 
are required as shown in Table I. The 
constants are on a common phase voltage 
base of 57 kv in the problem but may be 
on any suitable common voltage or 
kilovolt-ampere base, if the currents are 
on the same base. (Where parallel cir- 
cuits interconnect busses, the constants 
of the equivalent circuit will simplify the 
board setup, and if the parallel circuits 
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have ratios of X/R which are substan: 
tially different, it is essential that the 
equivalent circuit be tsed, otherwise 
additional successive approximations may 
be necessary to obtain the desired accu 
racy in the study.) 


3. Loaps AND ESTIMATED GENERATION 


As shown in Table II and on Figure 1. 
the real and reactive power should be 
tabulated at all load busses. Wherever 
generator or synchronous condenser in. 
puts to the network occur at load busses 
the input and load real and reactive power 
should be combined to give the net load 
or generation at that point. It should be 
noted that in Table II the leading reac- 
tive power at load busses is moved inte 
the generation column, so that all reac- 
tive will be at the same algebraic sign, 
negative. 

In the problem the voltage at the elec- 
trical load center of the system is 57.7 
kv, so that the reference voltage to neu- 
tral is chosen as 33.33+70 kv. Bus P 
on Figure 1 is the main receiving station 
for the generating plants and would be 
expected to have a voltage phase angle 
approximately that of the major loads, 
so that it is chosen as the reference bus. 
Therefore all voltage and current com- 
ponents for the network will refer to this 
same reference voltage, E,’=33.33+ 0 
kv. Since the components of voltage to 
neutrals E, and E, are unknown at the 
other load busses of the network, E,’ 
is assumed to exist at all load busses, so 
that the current components J, and J, 
can be computed as shown in Table II. 
At generator busses remote from the load 
center, the values of J, and J, are com- 
puted on the basis of estimated inputs to 
the network and estimated voltages, but, 
as shown in Table II, these input cur- 
rents in total must equal the sum of the 
load currents. 


4. Setup oN D-C Boarp TO DETER- 
MINE VOLTAGE Drops 


The resistance units of the d-c board 
are now set up to simulate the resistance 
or R network on the basis of the R values 
of Table I. The positive bus of the 
board is connected through a rheostat to 
a common bus from which all J, input 
busses are fed through individual rheo- 
stats. The negative bus of the board is 
connected to a common bus to which all 
output J, currents flow from their re- 
spective load busses of the network 
through rheostats. The board is then 
ready for adjustment to set up J, input 
and output currents in some convenient 
proportion to the actual J, currents 
shown in Table II. It is important to es- 
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ablish a small current through the board 
at the start by adjusting the rheostat 
between the positive bus and the common 
nput bus to have a high value of resist- 
ance as compared to the network resist- 
ances, so that it will act as a current 
limiter or, in effect, help maintain an al- 
most constant total current to the net- 
work, Actually it would be better if a 
onstant current supply could be used, 
but the current limiting rheostat referred 

is satisfactory for the purpose. After 
the J, currents into the network at genera- 
tor busses and out of the network at 


load busses have been adjusted, by means — 


of their respective generator and load 
theostats, to be proportional to the de- 
sired values of Table IJ, the resistance of 
the current-limiting rheostat may be re- 
duced to the point where a substantial 
current flows through the network. With 
more current it is then possible to adjust 
generator and load rheostats slightly to 
give the values of currents, still propor- 
tional to those of Table II, which are to 
be the basis for the readings of J,,R 
voltage differences between bus P and 
all other busses of the network. For 
example (J,,R) measured from bus A 
to bus P ‘multiplied by the constant for 
the d-c board for this set of readings is 
equal to —635 volts and is recorded in 
Table III. The board constant depends 
on the proportionality factors between 
board resistances and actual network 
resistances, between board currents and 
actual network currents, and also on the 
type of scale calibration on the voltmeter, 
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*Leading or + megavars at loads is shown as — megavars generation. 


At loads Ip=1,000 X mw/57.7V¥3 =10X mw. 
At loads Ig= 1,000 X mvar/57.7¥3 = 10 X mvar. 


For input or generation to network, estimated bus voltages are used to compute Jp and Jy from the esti- 
mated megawatts and megavars input, but it is essential for the d-c board setup that the totals of Tp and 


7g input are equal to the totals supplied to loads. 


so that the data for this study are simpli- 
fied by the elimination of the board 
constants from the tabulations. 

In a similar manner the circuit resist- 
ance units are adjusted to simulate the re- 
actance or X network on the basis of the 
X values of Table I. Again by use of the 
current-limiting rheostat the board cur- 
rent is reduced, and some minor adjust- 
ments in generator J, and load J, cur- 


rents will make them proportional to 
those of Table II, and the same procedure 
as described for obtaining J,,R voltage 
readings is followed to obtain J,,X volt- 
age differences between all busses and 
reference bus P. These readings are in 
Table III. 

In like manner (—J,,X) readings can 
be obtained. However it will be noted in 
this problem, and in most problems of 
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DMP Sictansts ae me ADS girs what hae AO rare 6 aie ote 57S Oy: pied cusfevcstie =— 900". anes «tre st OO sent diate ce —990 
NPS —120 BOT circa sen SM wapanc. == {00% eae SEO) Aas two ac —220 
OP, saceeas aa DOO sae, vietelsve ime OC) etd (akal@hatete mab AUN gana ato eta er: a ae = 50): qa sinelare —390 
= = = —270 
Pissigtauckactee sme UT irate atone a4 = ZA ers athe VO eceeenets sees BLD wrersve)s LOO rerstetrete 
oA ens nee posits Deke tel ave mimeo BOD ete «6 a.6)3 6 ot DOO a setae a’ mi SRC vale ai tehacare = 230 isis « —1,110 
SP ee aes =f B90 Asp cste ove +360.. Patel eo D Ok wxsnetecatane +1,120 O20 meraeke +800 
Tips ee toed Weta else ee BEA O etal eehe seas Hy POO cin anneal sta ANOS ete see +380: caeok +4,030 
TP eee ett O20 peat. Ce ane fe ATi sheer rb I 7 Bee a ai 7B ee +1.610 


* (+IprR) is measured with +Tp> currents flowing through R network. 
(—IgrX) is measured with +J, current flowing through X network. 
(+IprX) is measured with +J, current flowing through X network. 
(—Igr R) is measured with +J, current flowing through R network. 
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Table IV. Network Problem—Computation of Components of Current Flowing in Each Circuit 


ee 


Voltage 
Difference Ip=GVp+BVq Iqg=GVq —BVp 
Circuit eS 
Designation Vp Va GVp BVq Ip GVq BVp Iq 

BA Pavatctsiele 23802 6 ctr Olee «ne +27.0.. +80.0..+107°70....... +20.0..+108.0.. —88.0 
2 BCE aware +220..+1,000...... +16.8..+264.0..+280.8..... PTO Ori tO. lat Le 
6} 0)5 Benoa +470... -+220...... +52.9.. +39.6.. +92.5..... +24.7.. +84.4.. —59.7 
LY OY Bs ets Oee +230 +460)... FO Deve ite Oe rineOu emesis. +18.4.. +9.6.. +8.8 
ti 20 Dreier eed +520 +4100 5.405 +64..5.,. 4°58,.28 5412207 ..2 5. +650.8.. +73.9.. —238.1 
5 KF +710 AUD e bacon. +7604... +9770. sr 173 40. +75.4.. +98.5.. —23.1 
> Oe ae +440..+1,610...... 8.8.04 449.1... EB7 OF picts +32.0.. +13:4.. +18.6 
G5 K(Cr Pixs Gay +970 SOOO. eu! +30.0.5 —18.9.. +11.1..... —11.1.. +48.4.. —60.2 
HEL Sela 6 +70 > 4,220... Pe citation (SF On One eke Ola erenes 88.800 | ea Aled 
Sue iw cae +1,180. .+2;720..... +23.2.. +75.8.. +99.0..... +53.6.. +32.9.. +20.7 
ONES «scat hie Sta 2 20 Oh ieectas ly serena exon Osler LOO ila. © +58.1..+118.0.. —54.9 
TOO Users hls +320 —=t SQ cers es +21.6.. —17.0.. +44.6..... —12.2.. +30.2., —42.4 
APO caccste +410 OT Ole ste Sci wis OO. dicte at OB argos te +22.2.. +90.0.. —67.8 
LZ Sikgaeas. hs +1,250 = S00k aan +416). +3500... +76.6..4.. +26.6.. +54.8.. —28.2 
VSS Nic tteelsi-eye =r280re aa L020. ov +520... 59.05. ELL 0. ac. +47.6.. +74.0.. —26.4 
14NM\,..... +780 Ete Orsnatetats +40.6,.. 447.5... 88.1.0. +40.0.. +48.2.. —8.2 
UBT MM ngeciae sce +360. Oieahearot 33.9... AOS A sRSORE 55 ec 0.. +48.2.. —48.2 
LOLI Senses +160 = 2 OR mere SO Pas SS MIG —17.6.. +-16.2,; —383.8 
Wy ROR fs aereeeici +240 ROO U preteens 67 .6..,+-L06.8. ,+-168,4, neu. +79.1.. +76.9.. +2.2 
TSiPOGW seas +370 390). 3556 +114.1..+180,2.% +204.3..... +120.4..+170.8.. —50.4 
OFS ae as +540 SelM ala a Se sper am(AUnt e a ar +16.3.. +68.5.. —52.2 
P XO Ry coher +2,780..+4,0380..... +2450 106. Os. 418194 ee +36.0.. +73.4.. —37.4 
eee eee eras cia ls Ast Ole at UO LO lm siensire +66.1..+1438.4..+209.5..... 4-72.5..+1381.0.. —58.5 
PAN BO ead a +1,310..+2,420..... +26.2..+145.0..--171.2. . 55. +48.4.. +78.6.. —380.2 
DSA esx. cennreire +680. cies bau +16.6..-+-171.0..+187.6..... +19.0..+149.0..—130.0 
PED 2 8 OS ees + l205.— 1,290.5, Sil Sire = LOOK ON tl Digvacdaeha ove —19.9%). -+-14.8. 5 —34.7 


this type, there is some modification of the 
connections between the network and the 
input and output busses for the J, cur- 
rent setup due to the fact that loads with 
leading or positive reactive power are 
set up as generators of negative reactive 
power. In this problem this change is 
necessary for the connections to busses 1 
and J. The reason why the voltage dif- 
ferences between all busses and reference 
bus P are designated as —J,,X voltages 
is that +J, currents are made to flow in 
at the input bus and out at the output 
bus, whereas actually they should be set 
up as —J, currents to conform to the signs 
of Table II. 

Similarly by using the R network and 
+I, currents the —J,,R voltage differ- 
ences are obtained. 

Referring again to Table III, the in- 
phase voltage difference between all 
busses and the reference bus P is V,= 
Ip7R—-Ij,X for each case, and the quadra- 
ture component of voltage difference is 
Vt) acetal glk 


5. COMPUTATION OF. COMPONENTS OF 
CURRENT FLOWING IN Eacu Circuit 
OF THE NETWORK 


Referring to Table IV, the voltage dif- 
ferences between the bus terminals of 
each circuit are derived from the V, and 
V, values of Table III. For example, V, 
for circuit 1BA is obtained by subtract- 
ing V, for AP from V, for BP in Table 
III which gives +460—230= +230 volts. 
In like manner, V, and V, for all circuits 
of the network are derived. 

Next, as shown in Table IV, the equa- 
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tions J,=GV,+BV, and I,=GV,—BV, 
are used to determine the inphase and 
quadrature components of current which 
must flow in each of the circuits of the 
actual a-c network to give the V, and V, 
voltage differences derived from the d-c 
board setups. The values of conductance 
G and susceptance B are those shown in 
Table I for each circuit of the network. 


6. COMPUTATION OF BUS VOLTAGES AND 
REAL AND REACTIVE POWER 


As noted at the start of the solution, 
the reference bus P was established as 
having a voltage to neutral of 33.33+70 


‘ 


kv. From Table III the voltage differ- 
ences to neutral of components V, and 
V, were obtained between all busses and 
bus P. To determine the voltage to 
neutral at every other bus, these voltage 
differences are added algebraically to the 
reference voltage. This is done, and the 
results are tabulated as E, and E, in 
Table V. 

The current components J, and Ij 
in Table V are not exactly the same as 
the current components given in Table 
II which were the basis of the d-c board 
setup, but instead are the algebraic sum 
of the components of current away from 
each generator bus and toward each load 
bus, so that Kirchhoff’s law will be satis- 
fied. For example at generator bus A the 
actual input current is equal to the sum of 
currents 14 B and 23A] expressed in their 
components. From Table IV, J, for 
1A4B is —107.0 amperes, and I, for 23AI 
is +187.6 amperes, and the algebraic 
sum is +80.6 amperes as shown in Table 
Vv. All J, and J, current components 
given in Table V are obtained in this man- 
ner, 

The computations of real and reactive 
power in megawatts and megavars are 
obtained by using equations megawatts = 
0.003 (Z,J,+E,J,) and megavars=0.003 
(E£,1,—E,Ip) as shown in Table V. 

Table VI is added to show the compu- 
tation of the phase voltages at all busses 
and to give a direct comparison of the 
derived values of real and reactive power, ° 
which completely satisfy the current dis- 
tribution of Tables IV and V and the 
voltages of Tables V and VI, with the 
problem setup values of Table II. 

The comparison shows that for all 


Table V. Network Problem—=-Computation of Real and Reactive Power 


=< 


Real Power in Reactive Power in 


Ep Eq Ip Iq Megawatts = Megavars = 
Bus Ky Ky Amperes Amperes 0.003 (EpIp+Ealq) 0.003(EpIq — EqIp) 
Opry 83:.BGan Ss “O'2lies oe. SO. Got eee a2, vee 8.16 aAAIS 
jee 6 33.79...... 0104 eae S87 Boe eae 70 Benen $0.31 Gio Sacks, eee 
Rowe 33, S70iee | 1 OISBe Aas DAS 25 at ene 95. Sheet 408 85 eee ee *—9 05 
S BAUER eae. 10) 80) ga 187, Olu ee = 54 eee 19.37 bo eee =6.12 
T 36.Miwieets 4 hae ce 302.6005 0 =67.8e Roe S107 i eae —10.98 
I lit 34-80, ti. +161 OO 8s,. sues S82 5 ee $0009 eee Loan —7,97 
ome Bar nraanee ey Wot LM Wen od Eiy7t es sae 1253.2 ee —1,36 
Ds Ee ke ome ior eee 196 Oc eee 250°0.e ee TT Obie < eee 60) 
Be AMaD Gal eee =O. 75. ag 04 eee es ee #933. *—2 92 
ie SoviGe tts 0,34, wena 5 Dae a ane 218. 6.cm un FC 220570) nee eee *(—1.86) 
G ..82.72. =i ua Beer hire 5 = All. Ove aes #7 OF Loh ae *—3.68 
H......33.69. eee a LORE saree a ASBOOs. ae ee 1858. See 415.12 
page $2.88 aus 0) 90 eee Tay ene +1, eae A acne 3 +1.39 
df SON 7D eae = 0.72) ee. UAV on aan = 31: (6ies eek 14 AT ea eee —2.80 
Ve 82. GOR =) OOLemae 167: 1 ae 07.3. eee 18295 eh hed —~9.46 
Mi. R39 poe —~0.99 12205 ees en en ¢9 (00) Ben ieee 5.16 
Nees TRO ean. +6, 02058 55 At ee 21S: ee Do 0mm ae ee =1.81 
Owe. a 85. 06... kane = 0,30600 4, 130'0 eee =52'6 oe 13,02 eee 506 
Dis oie 33.33. Os aenlay 100: boeken 88 one, 1005 Reena —5.88 
Oo ae $0.93, 18 —0.27 88.2.0" cai =o 4 ee 8.75 = aa 
Rates 33/62..,..5 25 ih ee BL ee a Tier ig en D8 \hameaee ~1.89 


* Bus F was not set up as a load so that the real and reactive power at F may be moved to busses K, E, 


and G in amounts proportional to the admittance of the circuits between F and its adjoining busses. 


is done in Table VI. 
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ea ae for the emenae = this network 
problem. The greatest difference be- 
tween derived and setup values of real 
_and reactive power occurs at load buses 0 
and P which are connected by a very low 
. pedance circuit of (1+j1.5) ohms. If 
the two loads are added together, the de- 
rived total is 23.07—j10.93 megavolt- 
amperes as compared to a setup total of 
23.0—j9.0 so that the effect of the dif- 
erences of the two loads would be negligi- 
ble in the network. However, in case 
greater accuracy is desired, it is possible 
to repeat the solution with corrected 
values of J, and I, to obtain derived 
values of real and reactive power which 
check almost exactly with the setup 
values. The method of correcting the J, 
and J, currents is described in the section 
which follows, but the solution is not re- 
peated, because it would add nothing of 
value to the paper. 


1 Procedure for Second Solution 


_ 


_ solution were desired, the values of real 
and reactive power tabulated in Table 
VI would be compared, and the difference 
in the derived and setup values would 
form the basis for estimating the changes 
in J, and J, which would result in im- 
proved accuracy. However, a more exact 
procedure is given in the following ex- 
ample. 
__ At bus O from Table II the load setup 
- was 16.0— 76.0 megavolt-amperes instead 
of the derived value of 13.02—75.05 
_ megavolt-amperes, which satisfied the 
current distribution and voltages of the 
first solution. The voltage components 
for bus O from Table V are E,=+32.96 
and E,=—0.39, and since these voltage 
components will not change appreciably 
in the second solution, the values of I, 
and J, can be computed with the equa- 
tions: 


Ip=(EpP —E,Q) 1,000/(Ep? + E,?)3 
Ig=(EgP+EpQ) 1,000/(Ep?+E,*)3 


a 


In these equations P and Q are in 
megawatts and megavars and E, and E, 
are in kilovolts to neutral. 

Whence J,=160.6 amperes and I,= 
— 62.5 amperes. 

In Table II the current components to 
the load at bus O were set up J,=160 
and J,= —60; however in Table V te de- 
tived values were J,=130.9 and J)= 
—52.6. This difference is due to varia- 
tions in X/R ratios in the circuits of the 
network, and about the same difference 
would occur in the second solution. 
Therefore, a corrected value of J,=160.6 
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Unless a particularly accurate second | 


+ (160— 130.9) = 189.7 would be used for 
the second solution. The corrected value 
of I, = —62.5 + (—60 + 52.6) = —69.9 
would also be used for the second solution. 
This same procedure could be followed at 
all other busses of the network to obtain 
corrected values for a second and more 
accurate solution to the problem. 


Application of Superposed Method 
of Setup to the D-C Board 


In cases where the d-c board does not 
have a sufficient number of rheostats to 
set up all of the generators and loads, it is 
possible to set up any proportion of the 
generators and loads at one time, so long 
as the total input current of the several 
generators adds up to the total output 
current to the several loads. The same 
voltage measurements from all busses to 
the reference bus would be required for 
each such setup, and the sum of the volt- 
ages thus obtained would give the same 
result as though all generators and loads 
had been included in one setup. This 


Table VI. 


use with this method, provided it has 
enough rheostats to use for generator and 
load-current adjustment. 

Most networks have many circuits with 
X/R ratio almost equal. If the board is 
set up to simulate X only, this network is 
already available. Assume that 75 per 
cent of the circuits of a particular net- 
work have an X/R ratio of 2/1 or approxi- 
mately so, and that only 25 per cent vary 
much from this ratio. Ifa means is pro- 
vided for changing this 25 per cent to 
have the 2/1 ratio for setups requiring 
the R network, then the method may be 
used. The board constant for the R net- 
work would then be one-half that of the X 
network, 


Use of Method Where Line 
Capacitance Must Be Considered 


In the network problem of this paper, 
the effect of shunt capacitance of the 
lines was neglected, because the amount of 
leading megavars of the circuits would not 
change the solution appreciably. How- 


Network Problem—Computation of Phase Voltage at Busses; Comparison of Result 
of Table bend oe) act Set el in Heble dl Wl 


y Loads* Generation* 
E¢ in Ky 

Bus = 1,732~/Ep?+ Eq? Megawatts Megavars Megawatts Megavars 

Be peeickeless Ss SPIO Canta sais — == = == ---- 8.16( 8.0)... =—4.18( —5.0) 
1S a A Ae PET Or ar creas == ee —_ .s.. 39.31,(38.0)... —7.09( —9.0) 
| CMe rn #*109 4.55 oe ts 12.53 (12.0)... —1/36( —1.8) .... — — — —_ 
DD's ieee a ate DOL Oma frteree 11.95 (12.0)... —4.50( —6.0) .... — —_ — — 
VER ERS Seem Si, DEB sta sp seis $.99'( 9.0)... =—3.82( —4.0) .... — — —— — 

1 I Ne eA Dic Dine sic — =F ree — Je — —_ — 
PSA Ie DOr See cee. 6.96( 7.0)... —3.84( —4.0) .... — = ee ee = 
A ene seictese's BSB so toe a:s 1358(217-0).. 5 — == — — ...—15,12 (—16.0) 
Dp Bd ee DO secu see G87 C16. 2) oe cute Mae se » —1.39)( — 154) 
oi ES Bin Sin 56. Sitges «at 14.47 (14.0)... —2.80( 3. 0). fo os —— = _ 
tee get Berd icctsntete ete Ss Sonic ees = ... 28.63 (24.5)... —8.25( —6.5) 
Y EE ee Ie DOL Dictate rs 16.35 (17.0)... —9.46(—10. OE. Ae Eye == ae TE mae — 
BAF di cora's ata1> une ne Bin Sea e TZEOOKTLTS) en Dal O( = '5,'0) recta — — — — 
NE a snio aes Ly Fae Pe ACS oe 2,30( 8.0)... —1.81¢ —2.0)..... — —_— — — 
Oz, Die Zinstaistea ave 13.02 (16.0)... —5.05( —6.0)..... — — _ — 
Pe (iy £ Rainy SRN Ae LOZOBP 770), iD S810 ONO) a. ae _— _ — — 
Oot se sae Bin davai cents SAT DwOn Oy ae 24.0) — O40) ina hile — — _- — 
Fe sca vines DB Ay fais ocaiele 5.28 ( 5.0) —1,89( —2.0)..... “= ab, dt SS — 
(PAA ue Co) Opp a raiser) — i = een, 5a 19.37 (20.5)... —6.12( —6.5) 
Tie pee 3 ies B22 crenataete a —e = = re, 31.97 (33.0)... —10.98( —9.0) 
| ER a oe BOB) amie wid os = ge me ee Naat 30.99 (33.0)... —7.97( —7.0) 
"Totala ewes a Arr PAC 148.99 ae OW Me sed x 158.43 .. =61.10 


* Problem values set up in Table II are given in brackets. 


** Turns ratio of 115/57-kv transformers = 1.88/1. 


‘method requires additional readings, but 


because of the smaller number of genera- 
tor and load rheostats which must be 
adjusted to obtain correct input and load 
the current adjustment 


currents, 1s 


simplified. 


Use of Method With D-C Board 
With Fixed Resistors 


If a d-c board is of the fixed resistor 
type, it may be possible to adapt it for 
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ever, if it is necessary to consider line ca- 
pacitance, it is suggested that the capaci- 
tance + megavars for each line be com- 
puted on the basis of estimated voltages 
at the start of the problem. In the usual 
manner one half of the megavars of all 
lines terminating at a bus would be allo- 
cated at that bus, and an adjustment in 
net load or generator megavars at that 
bus would be made to obtain the cor- 
rected megavars from which the J, com- 
ponent of current would be computed. 
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Setup of Transformers With 
Different Ratios in a Loop Circuit 


In a paper presented before the Port- 
land section of the AIEE, the writer in- 
cluded an example to show how a series 
boost or buck may be provided from a 
separate source of direct current inserted 
at the point of boost or buck in the loop 
circuit, but rather than lengthen this 
paper, the method will be indicated only. 

In most networks the quadrature com- 
ponent of voltage with respect to the ref- 
erence voltage is small as compared to the 
inphase component, so that the effect 
of any normal boost or buck on the E, 
component is negligible. However, if one 
transformer has a ten per cent boost or 
buck with respect to other transformers 
operating in closed paths with this trans- 
former of different ratio, then a separate 
d-c source should be inserted at the point 
of boost or buck in the X network setup 
with J, current flowing. This gives the 
desired effect to the inphase voltage read- 
ings for V,. In the problem of this paper 
the voltage to neutral is approximately 
33 kv at bus J, so if a boost of ten per cent 
were required in transformers 23AJ, the 
series potential required would be 3,300 
divided by the board constant. It would 
be inserted between bus A and the re- 
sistance unit representing X of the trans- 
formers 23AJ. If the potential source had 
appreciable internal resistance, the 23AT 
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unit setting would be reduced by this 
amount. As noted before, it would be 
used only in the setup for reading Iy,X 
voltage differences. 


Setup Using Ammeter Instead of 
Voltmeter on D-C Board 


Although the measurement of the 
IprR, IpoX, Iq-R, and I,,X voltages be- 
tween all busses and the reference bus is 
recommended, it is possible to read cur- 
rent distribution in each of the four 
network setups on the d-c board and 
compute the voltage differences for all 
circuits in each setup, and obtain the 
same results. 


Conclusions 


The scope of this paper has been quite 
limited with respect to the broad field 
of a-c network analysis, but it is believed 
that the network problem and the discus- 
sion show how this new method can be ap- 
plied with the aid of a conventional d-c 
board to solve complex problems of load 
distribution and voltage conditions for 
a-c networks in a relatively simple man- 
ner and with good speed. 

In the application of the method to the 
conventional d-c board, it probably will 
become apparent that various combina- 
tions of resistance networks could be set 
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% f, 
| 


up simultaneously, which, together with 
proper metering arrangements could be 
used to reduce the analysis from four 
board ‘setups to one—thus eliminating — 
the greater part of the computation work. — 
Patent application has been made for the 
method as applied to such simplifying re-_ 
sistance network combinations. 

As an indication of the time required 
for a study of this type, the writer un- 
aided set up the board and took the four 
sets of readings required in eight hours. 
An additional six hours was required to 
make all of the computations and tabu-_ 
late the results. If the outline of pro- 
cedure given in the paper is followed, it” 
is believed that other engineers will find 
the method to be a useful tool in their sys- 
tem planning work. 
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Synopsis: This paper describes the 120-kv 
oil-filled cable system of the Montreal 
Light, Heat, and Power Consolidated, in- 
stalled during 1941 and in present opera- 
tion’ as a link in a large interconnection 
scheme. 

The paper describes the functions of the 
various sections of the system and the rea- 
sons for the choice of this method of effect- 
ing the interconnection. The steps re- 
quired in designing the cable system are 
outlined and the general principles govern- 
ing each such step discussed. 

A.short section deals with manufacture 
followed by a section covering the or- 
ganization required for installation and the 
methods followed. The final section deals 
_ with operating practice, especially the basis 
of loading. 


System 


HE 120-kv oil-filled cable system of 

the Montreal Light, Heat, and Power 
Consolidated as at present installed may 
properly be divided into the following 
sections: (Figure 1): 


1. Station A to station B—two circuits 


2. Station B transformer cables—two cir- 
cuits 


8. Station B to station C—one circuit 


The first and third parts are much the 
most important in size, but the second 
part, while relatively small, presents a use 
of high-voltage cable of particular interest 
to transformer station engineers. 

In sequence of installation one circuit 
plus a spare phase of section 1 were pur- 
chased and installed initially on one con- 
tract, the remaining two phases of that 
section and all of sections 3 on a second 
contract. Section 2 was on a third con- 
tract but was installed during the same 
period as section 3. 


Section 1 (known as circuits A and B), 
takes power from the 110-kv bus of station 
A directly to the new station B for service 
to an important business and industrial 
section of the city. Station B departs from 
pee 
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the general substation scheme of the utility, 
in that it is not part of their 60-ky ring 
system, but is fed practically direct from 
the generating source, station A acting as a 
switching station. The present availability 
of underground cable suitable for 110-ky 
operation permitted locating the new station 
at its proper load center without double. 
transformation or further loading or rein- 
forcement of the already busy 60-kv ring. 
It relieves the ring as well and permits 
further load growth with existing facilities. 


Section 2 takes power from the 110-kv 
bus of station B to the transformers, at 
present two, with provision for an ultimate 
of four. Underground feed was chosen as 
providing a substantial saving in steel 
structure, greater compactness and better 
appearance and much less exposed high- 
voltage circuit. Also when combined with 
underground cable on the low-voltage side, 
it permits a virtually ‘‘dead-front”’ station, 
excepting under the.easily isolated and rela- 
tively small high-voltage bus section which 
lies in one 25-foot-wide strip along the south 
side of the station property. 


Section 3 (known as circuit C), takes 
power from the 110-ky bus of station B to 
station C and acts in combination with cir- 
cuits A and B as a direct tie between the 
Beauharnois system of the Montreal Light, 
Heat, and Power Consolidated supplying 
station A and the system of the Shawinigan 
Water and Power Company, and through it 
to the Saguenay Power Company system. 
It also will serve as an additional circuit to 
station B. 


This direct tie between the first two 
systems was made in order to place the 
entire generating capacities of these three 
large companies on one interconnection, 
from which power for wartime industrial 
requirements could be drawn by the in- 
dustry most vitally needing it. 


STATION 
A 


ee wave OIL-FILLED CABLE 


CABLES) 
—— OIL-FEED LINES 


F F GRAVITY-TYPE OIL RESERVOIR 
Figure 1. Single- r) (cwe. CO. MAKE) 

line diagram of eo CRAVITY-TYPE OIL RESERVOIR 
system (GE CO.TYPE CC) 
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STATION 
B 


The Shawinigan and Saguenay systems 
were already connected together by high- 
voltage transmission lines with ample 
capacity to carry any loads expected. 
Between the Beauharnois and Shawinigan 
systems the connection consisted of a 60- 
ky double ring tied through transformers 
to the 110-kv system of the Shawinigan 
Company and through other transformers 
to the 110-kv Beauharnois system (Figure 
2). Thus the power that could be trans- 
ferred from the Beauharnois system to the 
interconnection of the Shawinigan and 
Saguenay systems was limited by the 
Montreal Light, Heat, and Power Con- 
solidated 60-kv ring and transformer 
capacity which was partially used by the 
primary power requirements of the 
Montreal Light, Heat, and Power Con- 
solidated system. 

The original suggestion was to con- 
struct an overhead 110-kv tie around the 
metropolitan area of Montreal between 
the Beauharnois system and the Shawini- 
gan system, This would have involved 
the building of about 15 miles of steel 
tower transmission line over territory 
where the right-of-way problems were 
difficult and uncertain, especially as to the 
cost and time required to negotiate. 

The second suggestion was to extend 
the 120-kv oil-filled cable system then 
nearing completion under the first con- 
tract mentioned above (circuit A of sec- 
tion 1) to tie with the 110-kv transmis- 
sion system of the Shawinigan Company. 
This required the adding of two phases 
between stations A and B, which com- 
bined with the spare phase already in- 
stalled for circuit A to become circuit B 
plus about five miles of additional cable 
circuit across the metropolitan area. 

The cable tie was selected on the basis 
of several factors, most important among 
which were: 


Initial cost 

Time required 

Stability 

Freedom from lightning troubles 
Present and future public reaction 


2/4 8-/ 


STATION 
Cc 


OIL-RESERVOIR 
SUPPORTING STRUCTURES 
ce ae | 


@® VALVE PANEL 
® NORMAL-JOINT MANHOLE 
CT STOP-JOINT MANHOLE 
138-KV OUTDOOR TERMINAL 


3-PHASE 110-KV/12-KV/4-KV 
TRANSFORMER WITH OIL-FILLED 
TERMINAL POCKET 
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Figure 2. Interconnections between Montreal 

Light, Heat, and Power Consolidated and 

Shawinigan Water and Power Company 
systems 


Since these three contracts constitute 
the most important underground cable 
installation in Canada and its highest- 
voltage underground system (the pre- 
viously highest being 66-kv cables con- 
stituting part of the above 60-kv ring 
installed during 1927, 1931, and 19387 by 
the suppliers of the present cable), and 
since the type of cable is new to Canada, 
descriptions of the elements of an oil- 
filled cable system and the problems and 
steps in its design and installation seem 
warranted. 


Cable-System Design 


Underground cable systems above 75 
kv fall into classifications of: 


(a). Oil-filled cables in which practically 
all gas is removed from the cable, insulation, 
impregnant, joints, and terminals, ensuring 
that none of these elements are permitted to 
come into contact with a gas thereafter and 
so engineering the system that no part of it 
will be subjected to pressures less than 
atmospheric during service. It necessitates 
the use of an oil-impregnant fluid at all 
operating temperatures and oil channels 
giving access for the impregnant to all 
parts of the cable system. 


(6). High-gas-pressure systems!” in which 
ionization of gas pockets in the insulation is 
prevented by keeping them at such high gas 


pressures that their critical corona voltage 
substantially exceeds any electric stress 
gradients in the insulation. The usual pres- 
sures are 200 to 250 pounds per square inch. 
There are several such installations in 
service up to the 132-kv range but mostly at 
66 kv. The pressures employed demand the 
use of steel as a containing element which 
gives the added advantage of excellent me- 
chanical protection but requires great care 
in protection against corrosion, a serious 
problem where buried in earth over rela- 
tively long distances. 


As the oil-filled class of system is well 
adapted to installation in conventional 
duct systems in busy city streets, and as 
there is in excess of 1,200 miles in service 
throughout the world at voltages up to 
220 kv, this was the type chosen for this 
cable system. It is the type dealt with 
hereafter in this paper. 


The design of an oil-filled cable system 


involves the following elements of choice, 
design and engineering: | 


1. Type of installation, that is, duct or 
buried directly in earth. 

2. Number of conductors per cable. 

8. Size of oil channel. 

4. Size of conductor. 

5. Thickness of insulation. 

6. Thickness of sheath. 

7. Spacing between oil-feed points. 

8. Type of oil feed, that is, gravity or 
balanced pressure. 

9. Normal joint design. 

10. Pothead design. 

11. Stop-joint design. 

12. Size of oil-feed pipe lines. 


1. Ducts 


As the cable system lies beneath the 
streets of one of the largest cities of 
Canada and under some of the busiest 
streets of that city, the well-accepted 
practice of installing the cable in a duct 
system was the choice. Diameters for the 
300,000-circular-mil and 650,000-circular- 
mil cables were approximately 21/, and 
21/2 inches respectively, for which 31/, 


Table | 


Circuits 


Station A to B 


Station B to C 


Operating woltages(for calculations) sys stale saielcincisls c= tieieisl sie) areve ee) 120 kv 
SLE CHUIOTIC Vas tersr cissahoye easveitancesoelsaetexstalecetonticts above dxelaiettioty wlaceicas. Si oie ane 60 cycles 
INuinaber loaded cablespper.dtict bank). pyc aiiser aie Olen Peet in) Pee ae een ee 3 
Kusilation thickness) crace san nett eters eis 0; 600 Anchs Stns < aces coe eee ee 0.500 inch 
Lead thickness (for calculations).............. OL 2 byanehs waar acer ee eee 0.183 inch 
Duct centers (for calculations)................ (5 1/4inchles May...) fo ccee meen minnie cee 61/s inches 
Dattieeneraration { Tole) an Aiaie atoda Pox shotevetelsceies Wats seus oi'bae A B.Gy ites shite kieran veh nen nen G 
sua wahajiavats Ww yetelos Sieier dicrs Tape ete TAME a CBA ae hatte Miah n . uett een: SOA 

Maxinnamuidaily: loaditactor-emusten tien ere cinta ce create an erie re 75 per cent 
Maximtiraidaily losswactorer = tuna niet cee ice a tehitinion 621/9 per cent 
Maximum ambient temperature ofearth............-.+ccececses 20 degrees centigrade 
Maximum permissible copper temperature..........-.0c0ececuce 70 degrees centigrade 
Ductthermalliconstantyarcnccc im cieciees cerns tte ame a iene ee 1.04 
aiermaltresistivityson1Hsitla tious ete sere el nee aie ee mine 550 ohms 
Power factor of insulation) at) 7Oderrees., 20... ssa eee 0.75 per cent (guar- 

Cem U1 PTA S55 crs rane teres seb se avare Siete aia eas oe es ee anteed value) 
Specific inductive capacity ofinsulation....02....6:6ss.0)e ce o.. 
Steathicurrents cf hie aeave tent wa acs: Flowitig Je: coe eee ‘f i 
Chirrentiam peres ih ..:cisa sso Ginton chen enn tte 375 - SERIO TA Gite o ; Ene 4 ae aoa, peat 
Conductorarea circular mils... .. sce. seeeeue o. 300,000 ice comb it et eB EC Ont 


* See Table II. 


882 TRANSACTIONS 


Farnham, Titus—120-Kyv Oil- Filled Cables 


Figure 3. Cable construction 


inch and 4 inch fiber ducts were chosen. — 


The duct-line route was selected for 
the most level contour (Figure 14), al- 
ways desirable for oil-filled cable. Several 
surveys were made to determine such a 
route, which fortunately was one of the 
most direct, although through one of the 
busiest sections of the city. 

The total length of the conduit run was 
approximately 36,000 feet. Work was 
commenced for the ducts for the second 
phase of the work, approximately 125,000 


* 


J 


duct feet, in early June 1941 and com- ~ 


pleted by the end of September of the 
same year. 

All manholes were built in such a way 
as to allow a minimum horizontal cable 
offset between duct mouth and joint of 
42 inches. This was based on recom- 
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PRESSURE DROP — 
POUNDS PER SQUARE INCH PER 1000 FEET 


ie} 4 8 l2 16 20 24 
TIME—MINUTES 


Figure 4. Curves of transient pressure drop 


per 1,000 feet versus time, due to dropping 
load and dielectric loss 


Curve A—From full load 

Curve B—From 75 per cent load 
Curve C—From 40 per cent load 
Curve D—From 25 per cent load 
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ed that for straight runs a coefficient 
friction of about 0.25 to 0.3 could be 
d for calculating cable pulls. On this 
sasis it was decided to attempt to locate 
manholes up to 1,000 feet apart. As con- 
ructed, the maximum length is 975 
feet, 8 inches, and the average length for 
ection 3 is 814 feet. For this reason 
articularly rigid inspection of ducts was 
made to eliminate all bad or doubtful 
pieces of ducts or couplings. The duct 
supply, however, was found to be extra- 
ordinarily good. 
Ducts were laid in a concrete envelope 
and in a manner to provide drainage to 
manholes. An attempt was made to 
maintain a 30-inch cover atleast. In all 
‘but a very few cases the manholes have 
drainage connections to the city sewer 
ystem. In consequence, very little time 
had to be spent pumping water. 

One section of duct run extends under 
a ship canal. Here the duct mass has a 
6-foot cover to the bottom of the canal. 
Considerable care was taken in this con- 
struction to insure the best reinforced 
concrete job possible, not only because 
it passed under a ship canal, but further 
because the bottom on which the mass 
was constructed was quicksand. This 
section was built of 3,000-pound concrete 
reinforced with steel rods. The slump 
of the concrete mix was watched es- 
pecially carefully. 


2. NUMBER OF CONDUCTORS 


Cable dimensions practically preclude 
the use of multiconductor cables at 120 
kv. Three single-conductor cables per 
circuit consequently were the necessary 
decision, and design and calculations were 
based accordingly. 


3. Om CHANNELS 


There are in common use for single- 
conductor cables, two oil channel sizes, 
namely 0.500 inch and 0.690 inch. 

The smaller diameter core results in a 
substantial saving in cable cost, but the 
larger core permits feeding nearly twice 
as far as the smaller core. The use of the 
smaller core increases substantially man- 
hole, joint, reservoir, and miscellaneous 
accessory and installation costs. At the 
same time it restricts the choice of the 
type of reservoir and adds to the number 
of points requiring operating supervision 
and inspection. 

It was decided to employ the 0.690- 
inch oil channel, especially since section 
1 was the only part originally contem- 
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R ecords of cable pulls on section 1 indi-_ 
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MAXIMUM PRESSURE DROP — 
POUNDS PER SQUARE INCH PER 1000 FEET 


an 
LOAD —AMPERES 


Figure 5. Curves of maximum transient pres- 
sure drops, versus load prior to interruption 


plated, and, as it was 8,800 feet long, this 
permitted its being fed from the ends 
alone. 


4. Size oF CONDUCTOR 


The size of conductor was determined 
by accepted methods* based on thermal 
limitations. Bases for calculations were 
as set forth in Table I. 

At the time of designing the system as 
far as station B, generous factors of safety 
for a single circuit determined the choice 
of 300,000-circular-mil conductors. The 
addition of the second circuit brought the 
capacity of this part of the system to ap- 
proximately 140,000 kva. 

A load of about 30,000 kva is expected 
at station B during the war period, leaving 
an available capacity of 110,000 kva or 
more to pass on to station C. It was 
therefore decided to continue the tie line 
for this capacity, which gave a cable size 
of 650,000 circular mils as indicated by 
Table I, the load and loss factors having 
been determined as follows: 

The shape of the cable load curve was 
the Montreal, Light, Heat, and Power 
Consolidated’s system load curve inverted 
and superimposed on a flat load curve 
whose value was the difference between 
the system peak and its generating ca- 
pacity. This gave a load factor less than 


Table Il. 


Figure 6, Schematic diagram of new gravity- 
type oil reservoir (Canadian design) 


A. Activated alumina dehydrator 
Float 

Oil-level relay 

Low level 

High level 

Mercoid switch 
Counterweight 

Gauge oil level 

Oil-level indicating gauge 
Pipe-connecting tanks 

End plate for cell unit 

Oil cells 

Cell spacers 

Galvanized steel tank 

End plate for cell unit 
Actuating arm 

Gauge oil drain valve 

Cell oil pipes 
Stainless-steel tube manifold 
Packless diaphragm valve 
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75 per cent and a loss factor of above 50 
per cent. Such being the case, it was 
decided to make all calculations on the 
more or less standard basis of 75 per cent 
load factor and 621/2 per cent loss factor, 
which were expected would provide the 
additional capacity required to carry 
weekend surplus power. 


5. THICKNESS OF INSULATION 


As other system characteristics pre- 
cluded a higher voltage than 120 kv ever 
being used, an insulation thickness of 
0.500 inch was chosen.* 


Cable Dimensions 


300,000 Circular Mils 650,000 Circular Mils 


Inside diameter (inches).......... Ot 69s Seen 0.69 
Deke a lubndé alae overateenesh eae 6:70 eee 0.79 
Copper conductor...... Outside diameter (inches).......... O08)" ~ secede ears iti ley 
Paper insulation........ ene (GHGS) ee retemeale ca ON G0! eerste 0.50 
Outside diameter (inches).......... LOS ur hase cee oes diel i § 
Lead eee fe odo evehas Thickness (inches) Prareenees ODU25-O/ UB Gs ve sas te tsne 0.133-0.164 
= hata diameter (nehes)/....f acs. CL Oe eee 2.44 -2.50 
Weight per foot........ Poundss) © ee eh ct (Oe See). SB creiG DOO 8.16 -9.40 
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6. THICKNESS OF SHEATH 


After consultation with several authori- 
ties on stresses permissible in lead cable 
sheaths (a lead sheath containing ap- 
proximately 0.06 per cent of copper was 
used), it was decided not to exceed a fiber 
stress in the sheath under static condi- 
tions of 125 pound per square inch. 

The elevation of the oil reservoirs hav- 
ing been determined by considerations 
dealt with in the next part of this paper, 
the actual cable profile showed that in- 
ternal oil pressures would be such that in 
some sections the cable sheaths would 
require to be increased. Sheath thick- 
nesses for the 300,000-circular-mil cable 
varied from 0.125 inch to 0.156 inch and 
for the 650,000-circular-mil cable from 
0.133 inch to 0.164 inch. 

Figure 3 illustrates the cable construc- 
tion. 


7. Spacinc BETWEEN O1L-FEED Pornts 


The making of this decision involved 
some of the most extensive and interesting 
calculations of the entire design. The 
governing consideration is that on drop- 
ping load the cable cools and demands oil. 
During this cooling period a “transient” 
drop in oil pressure occurs at all points 
away from the oil supply and is greatest 
at the point most remote from supply, 
that is, halfway between feed points. 

It is a standard of oil-filled cable sys- 
tem design that no point in the system 
shall fall below one pound per square inch 
above atmospheric pressure (in order to 
prevent ingress of air or moisture if the 
cable sheath be punctured). When the 
“transient” drop for unit distance under 
worst conditions is known and correlated 
with the pressure head permissible with- 
out overstressing the sheath (which sets 
the reservoir elevation or pressure), the 
maximum feeding distance is determined. 

Steps in determining the “transient” 
are, in brief :> 


(a). Determination of the thermal capaci- 
tances of the cable elements. 
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(b). Determination of the thermal resist- 
ances of the cable elements. 


(c). Determination of the rate of cooling of 
each element from representative initial 
conditions such as full load, 75 per cent, 
50 per cent, and 25 per cent loads at mini- 
mum earth ambients (assumed 0 degrees 
centigrade). 


(d). Determination of oil-volume demand 
(proportional to first power of c above). 


(e). Determination of oil temperatures at 
each instant and the viscosities of the oil 
at these temperatures. 


(f). Determination from d, e, and fluid 
friction coefficient of oil channel, of the 
transient drop for a unit length at successive 
intervals for each initial loading condition. 


Curves of pressure drop against time 
for dropping from various loads are shown 
in Figure 4. It will be observed that 
maximum drop occurs as late as three 
minutes after zero time. 

Figure 5 of maximum pressure drop 
versus initial loads is then drawn from the 
maximum values obtained from the 
curves of Figure 4. It will be seen that 
worst conditions obtain in dropping 
about one-half to two-thirds full load 
during winter conditions. 

As pressure heads in the order of 15 
pounds per square inch are quite safe for 
normal lead sheaths of these diameters, it 
was felt that there were ample margins 
of safety in using feeding distance of up 
to 5,000 feet, that is, spacing between feed 
points of 10,000 feet. This proved suit- 
able for conditions in the field, as station 
B is 8,800 circuit feet from section A, and 
there were suitable locations for oil-reser- 
voir structures at approximately 9,000 


Figure 7 
Gang-treating 
mal joints 


(left). 


nor- 


Figure 8 (right). 

Station B potheads, 

oil reservoirs, and 
oil pipe lines 
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feet and 18,000 feet from station B, and 
station C lies about 27,000 feet from 
station B. 


8. Type or Or FEED 


Two general types of oil reservoirs are 
available to the design engineer. 


(a). Gravity type in which the requisite 
pressure to reach all the system is obtained 
by locating the reservoir at an elevation 
determined by the cable profile and the 
feeding distance, as the oil in the reservoir 
is at atmospheric pressure (plus the slight 
back pressure of the cell walls). In prac- | 
tically all cases, excepting for unusual pro- 
files, gravity reservoirs must be mounted 
above the ground surface and cannot be 
used unless above-surface space is available 
at the feed points. 


(b). Balanced Pressure type in which the 
requisite pressure is obtained by gas con- 
fined within the reservoir shell (plus auxil- 
iary gas tanks if necessary) and external to 
the oil cells. The use of such reservoirs re-_ 
quires careful gas volume calculations and 
adjustments and introduces certain extra 
operating and maintenance items. How- 
ever, they can be mounted in manholes 
and must be used when above-surface reser- 
voir space is not available. 


In the systems covered by this paper 
above-surface space fortunately was avail- — 
able adjacent to desired feeding points. 
The gravity type of oil feed was chosen. 

Figure 6 illustrates one type of gravity- 


. type reservoir employed. This reservoir 


is a new development not previously used. 
It was designed and manufactured in 
Canada and has particularly low dead oil 
volume and cell back pressure. It is of 
36 gallons (U. S.) capacity between plus 
0.5 pound per square inch and minus 0.1 
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pound per square inch cell pressures. 
The smaller tank acts as a riser for the 
gauge oil to permit keeping the oil cells of 
the main reservoir completely immersed 
at all times and out of contact with the 
alr, 

The low dead oil capacity is due to both 
sides of each cell nesting together. Tests 
of numerous individual cells gave a life of 
1,500 cycles not to failure. Each cycle 
_ was the full yearly travel of the cell. The 
_ daily working would not be 25 per cent of 

this amount. 


9. NORMAL JOINT 


_ Normal joint design is similar to that 

for high-voltage solid-type cable with 
provision by means of hollow cores, three 

_ way valves, and oil ports for flushing out 
of any cable oil overheated during the 
soldering operations and establishing a 
permanent oil channel through the con- 
nector for servicing cable sections lying 
beyond the joint. Sharp depressions in 
the connector body which might set up 
high electric stresses were filled in by 
lead discs cast on the job and dressed 
carefully to the contour of the adjacent 
surface. 

The initial joints were imported from 
the United States. The later ones were 
made in Canada (see Figure 7). Both 
were of designs in common use in the 
United States. 


10. PoTHEAD DESIGN 


Pothead design requires provision for 
relieving end stresses such as by combina- 
tion of stress cones and barrier tubes, 
access to the cable core for oil to enter and 
leave the cable, and means of shutting off 
the core of the cable from the pothead 
body while erecting, evacuating, and 
filling the pothead. Two designs in 
common use in the United States were 
employed. On account of the low tem- 
peratures to be anticipated in the dis- 
trict, extra large oil ports were provided 
in the connector fittings. Here again part 


DECEMBER 1942, Vov. 61 


Figure 9 (left). Stop 


were manufactured in United States, but 
the later and larger quantities were made 
in Canada (see Figure 8). 


11. Srop Jorts 


Stop joints serve two purposes. One is 
to segregate the oil systems where con- 
tours require that one section, having for 
example a higher elevation than an adjoin- 
ing section, needs its reservoirs mounted 
at a higher elevation. At the same time 
troubles in one section are not communi- 
cated to adjacent sections. The second 
main function is that these joints act as 
a feed point and provide means of ingress 
and egress for the oil in the cable core. 
In the design utilized the stop joint essen- 
tially is a pair of cable terminals placed 
end to end, joined by a suitable connector 
block, and enclosed within a copper 
sleeve. Reinforcement insulation and en- 
closure within oil permits these terminals 
to be quite compact and readily mounted 
within a manhole. These were imported 
from United States. 

Oil entry fittings are provided at each 
end of the joint to provide independent 
oil feeds to the cable sections on both sides 
of the joint. Impregnated wooden cradles 
support these long joints (see Figure 9). 


12. Size oF OIL-FEED PIPE LINES 

Due to the very low temperatures likely 
to be encountered in the locality, and 
acting on the recommendation of Herman 
Halperin, it was decided to make ex- 
posed oil-feed lines from the reservoirs 
1.5-inch copper pipe (Figure 8). Those 
parts of the oil-feed lines to the stop 
joints between the valve panel (where it is 
close to the foot of the structure) (Figure 
9) and the stop joints were of one-inch 
soft copper pipe pulled into fiber ducts. 


Manufacture 


The manufacture of these oil-filled 
cables, although only slightly more com- 
plex, was different from the manufacture 
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of solid-type cables, chiefly in that drying 
and impregnating of the paper insulation 
was done after the core was lead-sheathed. 
This is possible because of the presence of 
the oil channel within the conductor. 

As may be seen from Figure 3 the con- 
ductor is of a novel make-up. Instead of 
the usual round “wires, in single or multiple 
layers, 12 segments, carefully designed to 
fit snugly around the steel channel and 
present a smooth outer periphery, were 
stranded with a ten-inch right-hand lay. 

An advantage for this conductor is that 
it inherently reduces the electrostatic 
stresses formed unless remedial measures 
are used at the crests of wires in conven- 
tional stranding. 

After insulating, the core was heated at 
atmospheric pressure for five to six hours, 
sufficiently long to dry the insulation 
slightly and loosen the paper tapes so that 
the possibility of tearing the tapes during 
leading would be reduced. Leading 
followed immediately after the prelimi- 
nary heating. The cable dimensions were 
as listed in Table II. 

Evacuation and impregnation is ef- 
fected through pipes wiped by fittings to 
the ends of the cable length, the sheath 
acting as the vacuum container. A typi- 
cal impregnation curve with electrical and 
absolute pressure values is given in Figure 
10. 


Figure 11. Portable degasser, operating side 
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Table Ill. Typical Test Values of Cable 
300,000 650,000 
Circular Circular 
Mils Mils 
Insulation resistance, meg- 
ohm miles at 15.5 de- : 
grees centigrade........... 6,000 ....5,000 


Conductor resistance, ohms 

per 1,000 feet at 25 de- 

grees centigrade........... 0.0355... .0.0163 
Power factor of insulation at 

25 degrees centigrade: 


ZORVOItS: POL Wal vies aie crews oe 0.0038....0.0031 

Working pressure.......... 0.0043... .0.0036 
TOOivolts pet mil. sec. cease ae 0.0046... .0.0039 
Oni zation sere cracsieilee yore 0.0008... .0.0008 
Power factor of insulation at 

working pressure: 

22 degrees centigrade......0.0045....0.0040 

80 degrees centigrade......0.0055....0.0048 

60 degrees centigrade......0.0040....0.0043 

40 degrees centigrade. ..... 0.0048... .0.0038 

Room temperature........ 0.0044... .0.0040 
Dielectric watts loss per foot, 

three-phase, 20 degrees 

Centigrade \.. ce.dsm cities On Omer Oe 
Dielectric constant at 35 de- 

grees centigrade:.......... 3,94 ....30,94 


After cooling, the cables were tested 
based on Association of Edison Illumi- 
nating Companies specifications.‘ Typical 
results are given in Table III. 

Following the tests, the inside end of 
the cable length was connected through 
a flexible pipe to degassed oil storage res- 
ervoirs housed in the cable drum (Figure 
13); then a pulling eye was fitted to the 
outside end of the length. The pulling 
eyes were provided with a threaded open- 
ing through which oil connections can be 
made. 

With the pulling eye wiped on, the cable 
was ready for its final washing. A suffi- 
cient quantity of oil was washed through 
the cable core to remove any trace of 
burnt oil present in the cable because of 
the wiping operations incidental to fitting 
the pulling eye. When the power factor 
of the oil reached a value similar to that of 
the degasser storage tank oil, and the 
volume of oil the cable would expel from 
ten pounds pressure was under the speci- 
fied limit showing the almost total ab- 
sence of dissolved gas, the cable was made 
ready for shipment. 


Installation 


As this system was sold on an installed 
basis, the manufacturer was responsible 
for the cable and accessories until the 
cable went into operation. Under the 
manufacturer’s engineer in charge, an 
organization was set up in which a cable- 
installation company contracted to do the 
handling, trucking, pulling, and such 
similar items, to supply top-grade skilled 
splicers, helpers, and laborers, and to 
supervise that phase of operation. Great 
credit is due to this company, as the 
success and speed with which the work 
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Figure 12. Treating bottle, valves, and con- 
nections 


Treating panel packless diaphragm valves 


A. Jumper vacuum 

B. Bottle manometer 

C. Bottle vacuum 

D. Cable manometer 

E, Oil return A 

F. Oil return B 

G. Cable oil 

H. Oil line 

I. Bottle oil 

4, (Os 

K. Bottle bottom 

L. Joint drain 

M. Drain 

Inlets and outlets 

N. Drain outlet 

O. Oil-test bottle 

P. CO, inlet 

Q. Oil inlet 

R. Vacuum inlet 

S5. Compound gauge 30 inches—O-30 
pounds 

T. Absolute manometer 

U. Oil return A 

V. Oil return B 

W. Vacuum oil outlet 

X. Joint drain 


was done was in no small measure due to 
their lengthy experience and to the high 
quality of workmanship of their skilled 
staff, 

Again under the engineer in charge was 
a staff of inspectors and engineers. The 
former checked each operation and di- 
mension as performed. The latter were 
responsible for ‘‘treating” that is, evacu- 
ating and filling) all accessories, checking 


Farnham, Titus—120-Kv Oil-Filled Cables 


accessories as received, keeping reservoirs | 
filled, and operation of the degasser. 
They were assisted by truck drivers who 
became skilled in handling the degasser 

and in many other duties. In addition, 

the utility maintained their own staff of 
inspectors checking and co-operating with 

the foregoing. 

The installation of an oil-filled system 

involves planning for, training for, or 
executing the following: ; 


1. Provision of suitable stock room, field 
office, tools, supplies and equipment, 
especially portable degassing equipment. — 


2. Provision for temporary source of de- 


| 
; 


gassed oil for feeding cable after pulling 


into ducts and before jointing. 


83. Training of personnel, technical, semi- 
technical, and skilled tradesmen, in han- 
dling of cable and accessories, joint making 
and accessory installation. 


4. Transport of cable and accessories from 
delivery point to point of installation. 


5. Test check of cable or accessory for any | 
leaks or imperfections before starting instal- 
lation. 


6. Actually installing, jointing, and so 


forth. 


7. Continuous inspection and supervision 
of all operations. 


8. Keeping of detail records of each indi- 
vidual operation, progress records, charts, 
and a daily log. 


9. Making field check tests. 


The basic considerations are that no air 
or other gas shall remain in, or in contact 
with, the cable oil, nor shall any over- 
heated oil remain in the system. All 
training and inspection keep these prime 
necessities in view at all times. As detail 
procedure and instruction sheets are 
quite lengthy, this article can give only 
the general principles and procedure 
followed. 


1. TOOLS AND EQUIPMENT 


(a). A portable degasser, a vital piece 
of equipment, (Figure 11) serves as a 
source of high vacuum (less than one- 
millimeter absolute pressure) and as a 
source of warm degassed oil. The same 
special oil used in impregnating the cable 
is taken to the field in 50-gallon sealed 
drums. Here it is tested for breakdown 
strength and color, drawn into the port- 
able degasser, filtered, and sprayed under 
high vacuum into the main tank of the 
degasser. It is then recirculated, through 
a rigidly controlled heat exchanger, and 
again sprayed into the high vacuum until 
it reaches approximately 60 to 65 degrees 
centigrade and is thoroughly degassed. 
A viewing window in the dome of the 
degasser permits ready inspection of the 
oil condition. Vacuum and pressure 
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Mg eS " 
ges, thermometers and thermostatic 


ety devices make this degasser a highly 
eliable and efficient instrument. During 
the larger contract two degassers were 
employed, one mounted in a trailer, the 
second in a truck. 

(0). A “treating bottle’ and its asso- 
ciated valve panel (Figure 12) are em- 
ployed at the joint or accessory being 
treated. These embody a system of 
valves and vacuum and pressure gauges 
by which the oil or vacuum from the de- 
gasser can be applied to the accessory 
being treated, the degree of treatment 
checked, and oil from the degasser 
checked for quality before being ad- 
mitted to the cable system. 

(c). Extra-heavy-walled one-half-inch 
(inside diameter) special rubber hose is 
used as vacuum line from the degasser to 
the work. Soft copper tubing three- 
_eighths inch (outside diameter) is used as 
the oil line. 

(d). A plentiful supply of three-eighths 
inch (outside diameter) soft copper tub- 
_ ing and flare fittings such as nuts, tees, 
es: unions, and so forth was main- 

tained in the field stock room with the 
I degasser and with the inspection crews. 
Spare manometers, both atmospheric 
and absolute types, pressure-vacuum 
_ gauges, mercury, a small hand-operated 
high-grade vacuum pump, appropriate 
wrenches, spanners, and miscellaneous 
tools were found essential. 
(e). Report forms were set up in great 
detail, individual forms covering the 
following: 


- Pulling. 
Manhole and reservoir inspection. 
Normal joints. 
Stop joints. 
Terminals. 
Degasser log. 
Truck log. 
Progress charts. 


2. TEMPORARY SOURCE OF DEGASSED 
OIL 


As the permanent reservoirs were avail- 
able at the time cable started arriving at 
the site, these reservoirs were mounted 
at or close to their permanent locations. 
Cable deliveries were scheduled so that 
lengths adjacent to the reservoirs were 
first pulled in and connected to the res- 
ervoirs, the next lengths connected to 
the first by temporary oil lines, and so on. 
This eliminated the use of numerous 
temporary reservoirs and introduced 
many economies such as less frequent 
recharging, handling of reservoirs into 
and out of manholes, besides the invest- 
ment cost in such temporary reservoirs. 
No troubles were encountered, nor was it 
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felt that there was added risk with this 


technique as compared with practice 
common in United States. : 


3. TRAINING OF PERSONNEL 


Before jointing started, a school was 
instituted in which actual joints were 
made under simulated manhole condi- 
tions. Jointers and inspectors were re- 
quired to do each operation of their 
respective duties in this school. All per- 
sonnel handling the degasser were re- 
quired to practice its operation until 
thoroughly conversant with it. 


4. Test CHECKS 


Each cable length, at the site was 
checked by means of an “expulsion” 


Figure 13. 


Expulsion test on reel length 


test (Figure 13) to ensure that it was 
properly impregnated in the factory and 
that no gas had entered the cable there- 
after. 

Each reservoir, pothead, feed pipe, and 
valve panel, before installing and after 
installing but before filling with oil, was 
checked for leaks by evacuating and 
watching carefully for loss of vacuum 
when blanked off from the source of 
vacuum. 


5. INSTALLATION 


(a) Cable. 
by standard methods with careful rec- 
ords of pulling tensions and atmospheric 
conditions (some of this was done at tem- 
perature in the order of 0 degrees Fahren- 
heit), As the pulling eye enters the man- 


Table A. Coefficients of Pulling Friction 


—=— —— 


At Average Temperatures of 


Cold Weather Warm Weather 


Minus 7 C 23 C 
Maximum........ OP B20).5 wrenertaverns o's 0.370 
Minimum........ BOO RN waa tree os 0.120 
AVOEARC. lore nize. 3% OR ee 2a dys bien 0.258 
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Cable pulling was done ~ 
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hole toward which the cable length was. 
being pulled, it was connected through a 
fitting screwed into the pulling eye to a 
source of degassed oil. The other end of 
the cable was then disconnected from the 
reel oil reservoir and pulling completed. 

Coefficients of friction computed from 
recorded pulling tensions are shown in 
Table A. 

(b) Reservoirs. After erection and 
with valves installed, reservoirs were 
checked again by blank off. In the case 
of the Canadian-built reservoir of new 
design, calibration was effected as follows: 

The cells were completely collapsed and 
degassed by being placed under vacuum. 
Gauge oil was then poured in through the 
riser tank until at the normal zero on the 
gauge glass, The volume of oil contained 
by the cells, when at operating zero, 
(minus 0,1 pound per square inch) is five 
gallons for these 36-gallon reservoirs. 
Accordingly, five gallons plus or minus an 
amount to allow for the contraction ‘or 
expansion of the gauge oil between ten 
degrees centigrade (assumed normal tem- 
perature) and its temperature at the time 
of charging were drained from the gauge 
oil. The reservoir thus calibrated was 
then charged with degassed oil to what- 
ever volume was required for the system 
at the time. 


(c) Oil Lines. The permanent oil 
lines were of copper pipe with joints of 
the soldered capillary type. Each oil 
line was heated to remove moisture, 
tested by blank off for vacuum tightness, 
flushed with clean oil at 110 degrees 
centigrade and, if not for immediate use, 
was backfilled with dry carbon dioxide 
gas. When about to be placed in service 
the pipe was flushed with degassed oil, 
reevacuated, filled with degassed oil, and 
connected to a source of degassed oil fed 
from a reservoir. 


(d) Joints and Potheads. As these 
were points at which the cable insulation 
and newly applied insulation were neces- 
sarily exposed to the atmosphere, special 
means were employed to remove such 
contamination. This paper, because of 
lack of space, does not go into details of 
splicing and erection, but outlines the 
added requirements above ordinary solid- 
type cable joints consequent on the type 
of cable and the principles followed in 
ensuring that the quality of the cable was 
not impaired. 


1. All oil overheated by soldering opera- 
tions must be flushed out. 


2. There must not be a stoppage of oil 
channels when work is completed. 


83. No sharp stress points may be left. 


4. Proper contours must be maintained. 
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| Figure 14. System 
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5. There must be no leaks, even the most 
minute. 
6. Dissolved and occluded gas must be re- 
moved. 


7. The accessory must be left filled with 
good degassed oil. 


These last two requirements are accom- 
plished by the so-called “treatment.” 
The joint or pothead was connected 
through the treating bottle to the port- 
able degasser. Vacuum was applied until 
the accessory had reached a high degree 
of vacuum and so maintained until, on 
being blanked off, the completeness of the 
treating process was indicated by the 
lack of rise in absolute pressure. Drain- 
age of oil coming out of the insulation 
during this operation was effected through 
‘a drain connection at the lowest point in 
‘the accessory. Such drainage, of course, 
must be into a vacuum. 

The accessory was then filled with de- 
-gassed oil from the portable degasser and 
connected to the system excepting in the 
‘instance of joints when this first filling 
~was drained out, the bottom joint fitting 
-permanently sealed, and the joint re- 
treated and refilled with degassed oil. 
‘The top fittings of normal joints were 
then permanently sealed, as they have no 
-source of oil other than from the cable itself. 

In the 300,000-circular-mil section 
joints were treated immediately after the 
‘splicer finished. In the 650,000-circular 
mil section the splicers completed the 
three joints in each manhole. The three 
joints were then “‘gang”’ treated (that is, 
all treated at the same time). (See 
Figure 7.) This routine permits most 
effective use of all personnel and equip- 
ment and results in substantial time sav- 
ing provided the skilled mechanics do 
first-class work. During this phase of 
operations the gangs were organized for 
continuous work from 8 a.m. Monday to 
8 a.m. Saturday, using three eight- hour 
shifts. 

On account of the small number of 
stop joints and of other limiting circum- 
stances in the case of potheads this rou- 
tine was not followed in these cases. 
Each such accessory was treated as soon 
as the splicers were finished. 


7. INSPECTION AND SUPERVISION 


The keeping of detailed and continuous 
inspection of all operations and constant 
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backchecking was a highly important 
element in the success of the work. It was 
found that the skilled mechanics wel- 
comed this inspection and co-operated 
thoroughly with the inspectors. Besides 
entering it in the proper report, all un- 
usual results or circumstances were re- 
quired to be reported directly to the en- 
gineer in charge. 


8. KEEPING OF RECORDS AND LOG 


Detail reports of personnel doing the 
work, time in and out, time each subdivi- 
sion of the operation was completed, 
values of pulling tension, vacua, weather 
conditions, and so forth were turned in by 
the inspectors or engineers at the comple- 
tion of the operation. These reports were 
then typed by the office man, and from 
them and other data, the ‘daily log” and 
progress charts were entered. From 
these data it can be determined what man 
did any one operation and under what 
conditions. Progress charts and records 
served their usual function of assisting in 
seeing that no operation was neglected 
and in correlating progress on all parts of 

. the work and on preparation of progress 
invoices. 


9, FIELD CHEcK TESTS 


As work progressed, expulsion, impreg- 
nation, and oil-flow tests were made 
frequently. The former two tests checked 
that no air or other gas had become dis- 
solved or locked in the system. The last 
named ensured that there was no stoppage 
or constriction in the oil channels, such as 
from a wrongly positioned connector 
valve in a joint, or from solder working 
into an oil channel. 


Operation 


Contracts for the first and second sec- 
tions of this work were placed in May 
1940. As they were approaching com- 
pletion in May 1941, the contract for the 
third and much larger section was placed. 
The whole system received voltage tests 
and was placed in initial service on De- 
cember 14, 1941, two weeks ahead of the 
original schedule. 

In order to transmit as much power as 
possible when available, that is, during 
the off-peak hours, it was decided to rate 
the cables as follows: Since the original 
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calculations were based on a 62!/2 per 
cent daily loss factor, it seemed satis- 
factory to allow a total daily watts loss 
from all sources equal to that established 
by using the standard formula for current- 
carrying capacity and to use as maximum 
current that established by using the 
factory measured resistance of the con- 
ductor as indicating the copper area 
rather than the circular-mil area. Since 
more power was available between mid- 
night and 8 a.m., curves were made to 
show the maximum current that could 
be carried during these hours, depending 
on the current carried during the previous 
16 hours, and to give a loss factor of 62/2 
per cent with no current higher than the 
maximum allowable by calculation. 

Records of ground temperature, idle 
duct temperatures, sheath temperatures 
in manholes, duct-mouth movements, and 
oil demands are being taken, and it is 
hoped that in the future these will pro- 
vide some valuable information. 

Sheath-bonding transformers of the 
Halperin and Miller design are being in- 
stalled on circuit C which will increase 
the present load-carrying ability of the 
cables a considerable amount and at the 
same time allow for the saving and trans- 
mission of the load that is presently taken 
by the sheath losses. Because of the time 
element these were not in the main con- 
tracts, but provision was made for these 
transformers by including solder-seal 
sheath insulators in the joint casings. 

The oil level in reservoirs is supervised © 
by a simple alarm system operated by 
high- and low-level switches at each res- 
ervoir. The high or low oil level, as soon 
as it exists, is known by a station operator 
who is able to report the section in trouble 
to the proper persons. 

A further precaution is being taken with 
reservoirs in the form of a dehydrator 
attached to the reservoir breather. This 
consists of a cylinder filled with activated 
alumina through which the air in contact 


Table IV. Bill of Principal Materials 


Exclusive of Spares 


Se 


Produced 


in Canada Imported 


ee ee ee 
Cable 
300,000 circular mils....... 53,400 feet 


650,000 circular mils....... 81,500 feet 
Number of lengths 201 


Joints 


Normal..... 
SLOP Acc oie 
Terminals 


Reservoirs 


36gallons eect ee ee 
17 gallons. csitestvar oe oak Tee Oe ee 12 
9 gallons: 3. sci ah lntrn eee ee 2 
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Synopsis: The widespread and general use 
of three-phase automatic service-restoring 
equipment on low-cost low-revenue distri- 
bution lines has created a field for a single- 
pole service-restoring device having con- 


a 


inuously adjustable characteristics for trip 
current and time delay, and powered by a 
prestored source of energy. The device 
described in this paper utilizes a new and 
nique application for the prestoring of the 
perating energy and the restoration of the 
utilized operating energy after transient 


STUDY of the requirements for a 
source of operating energy for this 
new single-pole service-restoring device 
indicated a need for a source that would be 
independent of fault current and have 
available a dependable source of pre- 
tored energy when a fault occurs. 

The successful operation of a very 

large number of service restorers powered 
y manually wound or motor-wound 
torsional springs logically led to the in- 
vestigation of a similar source. 
_ From this investigation was developed 
a new and unique application of previ- 
ously tried and proved principals. Ina 
paper presented by A. E. Brock at the 
Pacific Coast convention in August 1941, 
an improved service restorer using a motor 
of an entirely new type for rewinding the 
operating spring was described. 

Paper 42-147, recommended by the AIEE com- 
mittee on protective devices for presentation at the 
AIEE Pacific Coast convention, Vancouver, 
British Columbia, Canada, September 9-11, 1942. 


Manuscript submitted June 1, 1942; made avail- 
able for printing July 3, 1942. 


E. E. Tucsy is sales engineer, Pacific Electric 
Manufacturing Corporation, San Francisco, Calif. 


New Single-Pole Service Restorer 


E. E TUGBY 


ASSOCIATE AIEE 


This Vibratorque motor is adapted to 
this new application, but, instead of the 
customary secondary source of energy 
being provided, the motor is arranged to 
be directly in series with the primary line, 
thus making the new unit a completely 
self-contained device. 

The operating energy of the service 
restorer is contained in a motor-rewound 
flat spiral spring where enough energy is 
stored to provide four opening operations 
and three reclosing operations on a sus- 
tained fault without rewinding, and an 
infinite number of operations on transient 
faults, as the Vibratorque motor restores 
the expended energy upon reclosing the 
circuit after each transient fault. 

Figure 3 shows a schematic diagram of 
the entire mechanism. 


Rating 


This single-pole service restorer is 
rated at 15 kv 50 amperes continuous cur- 
rent-carrying capacity, with a maximum 
interrupting rating of 1,000 amperes when 
using the 25-50-ampere trip coils. When 
the lower current-rating trip coils are 
used, the interrupting rating is reduced 
to 40 times the rating of the trip coils 
installed. 

The interrupting ability of this new 
service restorer has been amply proven by 
a comprehensive test program where cur- 
rents of 1,490 amperes at 15 kv were 
interrupted on a full cycle of three re- 
closures and four openings. 

A complete oscillographic record was 
made of the tests for record and study. 


with the gauge oil (that is, the oil outside 
the reservoir cells) must pass before enter- 
ing the reservoir. It is felt that by re- 
moving the moisture in the air, less sludg- 
ing will take place around the reservoir 
cells. The size of these cylinders is such 
that, with expected load cycles, the 
alumina should not have to be reactivated 
more often than once a year. 

Load has been carried continuously 
since January 2, 1942. Operating data 
are being collected, such as duct tem- 
peratures, oil demands, cable movement 
at duct mouths, shifting of joints, and so 
forth. Sufficient information of this 
nature to draw conclusions will require 
considerable time to collect. 
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Tugby—Single-Pole Service Restorer 


Two thousand operations were per- 
formed at moderate short-circuit currents 
considerably in excess of continuous cur- 
rent rating, on a 15-kv system, and, on 
being inspected, the service restorer was. 
found in condition to perform many more 
operations, 


A complete series of impulse tests was- 


performed, and the results recorded on a 
cathode-ray oscillograph, to verify opera- 
tion under lightning conditions, and in 
every case the restorer flashed over from 
bushing to ground outside the case. 


Arc-Extinguishing Devices 


The successful and co-ordinated per- 
formance of rural lightly loaded low-cost 


distribution lines under fault conditions. 


depends primarily upon the rapid ex- 
tinguishment of the arc and the high speed 
of the interrupting device protecting the 
circuit. 

As the prestored spring operating 
energy is restrained by a roller-type latch, 
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Figure 1. Diagram of Vibratorque motor 
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Table |. Typical Interrupting-Capacity Tests \ 
| || = 


Average 
Test Number Arcing Time 
Item of Tests Amperes (Cycles) 


Duty 


ae 


US ooneond0 LO rrrsrcvatderere LOA Wiereraleistgis's)6 1.0) ...5. 
Averell Oirerateyaiscasi B40 ieee ne Deisisteress 
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ween 


eeeee 


O—5 sec—*OCO—5 sec—OCO—9 sec—OCO 
O—7 sec—OCO—7 sec—OCO—7 sec—OCO 
O—7 sec—OCO—7 sec—OCO—7 sec—OCO 


- * OCO—Open, close, open. 


and the fault current affects only the 
latching mechanism, the operating speed 
of the arc-interrupting device is independ- 
ent of fault current. The moving blade 
travels with a high rate of speed to assure 
quick extinguishing of the are in the 
expulsion chamber, and an acttal test 
performed has shown arc time from 0.65 
to 1.2 cycles of arc while interrupting 
approximately 1,500 amperes at 12.5 kv 
to ground. The blade tips of arc-resisting 
Elkonite also assure a minimum of ma- 
terial vaporization, thereby minimizing 
oil carbonization and consequently re- 
ducing maintenance and inspection. 

A test run of in excess of 2,000 opera- 
tions at a moderate short-circuit current 
and full voltage failed to reveal serious 
burning of contacts which gave complete 
proof of the adequacy of the design. 


Rewinding Motor 


The rewinding motor is of a unique de- 
sign and has a number of novel features 
not available heretofore. 

A cross section of this Vibratorque 
motor (shown in Figure 1) illustrates the 
principle involved. 

In referring to this drawing, it will be 
seen that an armature is mounted on a 
spring that is rigidly supported at one 
end and has an adjustment to limit the 
travel of the spring at the other end. At 
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Figure 3. Diagram of mechanism 
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right angles to the armature is an ex- 
tension carrying a clutch that engages 
both faces of a flat hard steel disc. The 
clutch consists of two hardened steel- 
bearing rollers engaging in a tapered slot, 
so co-ordinated as to provide the most 
efficient transfer of energy from the 
vibrator to the steel disc, with the least 
friction on the return stroke. The arma- 
ture is alternately attracted by an a-c 
magnet coil assembly consisting of two 
identical coils mounted on a laminated 
solenoid core, and returned by a spring. 
The reciprocal motion of the vibrator 
alternately causes the clutch to engage 
on the disc which travels forward a small 
increment, then-to disengage and move 
back to its original position. The disc 
rotates in a rapid series of small incre- 
ments which are transmitted through 
gears to the main spiral operating spring, 
where the energy is stored for use in 
operating the service restorer. 

The speed of the output shaft is a func- 
tion of the weight and size of the arma- 
ture, ampere turns of the coil, and char- 
acteristics of the spring which supports 
the armature. 

The Vibratorque motor develops com- 
pound characteristics and with a change 
in load assumes a moderate output speed 
change. The magnet coils which also act 
as trip coils are, as previously stated, 
connected in series with the line and ar- 
ranged in two halves to give flexibility. 
Since they are in series with the line, no 
external source of operating energy is 
necessary, and, as the rewinding energy 


Figure 4. Cutaway section of complete unit 
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is provided during normal operating con-_ 


ditions, the stored energy is instantly 


available to operate the device during 


fault conditions. 


The motor will operate successfully — 


with the smallest coils when a current as 


low as one-half ampere flows through the — 


line. 

The magnet coils also perform a dual 
duty as trip coils and are available in 
ratings from 3-6 amperes to 25-50 am- 
peres. 
coils have a dual value; as, when the 


coils are connected in series, they have 


their lowest rating, that is, 3-6 ampere 


coils would carry three amperes, but if — 


they were connected in parallel, they 
would have their higher rating of six 
amperes as a unit, with each coil carrying 
three amperes only. 

When the Vibratorque motor has fully 
wound the operating spring to its required 
tension, the vibrator spring is automati- 
cally locked up against the pole pieces. 
This is controlled through a differential 
arrangement on the outer case surround- 
ing the operating spring. A scroll is cut 
in this outer case, in which rides a stud 
projecting from a bar which thus travels 
across the face of the case and assumes a 
position with direct relation to the amount 
of spring operating energy available. 
With the spring fully wound, the projec- 
tion is in a position near the outer periph- 
ery of the spring house, and the bar 
projects beyond the case. When this 
point is reached, a catch that is normally 
held under tension is released, and suffi- 
cient pressure is applied to the armature 
support spring to force it up against 
magnet coils and prevent further vibra- 
tion. When the spring energy is ex- 
pended, the differential bar moves down, 
under the action of the projection in 
scroll and re-engages the catch, which 
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Figure 5. Typical sectionalized system 
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It is to be noted that pairs of - 


releases the spring to vibrate and again 
upply power to the operating spring. 
The center of the coil spring is con- 
ected to a shaft which carries on its 
outer end an operating lever, which in 
turn is connected to the moving contact 
blade through a connecting rod. 
This blade is normally held in the closed 
position by the operating spring, re- 
strained by a roller latch mechanism. 
This type of latch mechanism has been 
found to give positive latching while re- 
quiring a minimum of current for tripping 
without any diminution of the tripping 
speed. 

The latch may be released by one of the 
three following methods: 


1. By the trip coils actuating the time-de- 
lay mechanism, 


2. By the trip coils actuating the instanta- 
neous high-current trip mechanism. 


3. ° By the operation of the manual trip 
mechanism. 


All three of these schemes act upon a 
single common toggle independently and, 
in the case of the first two, are independ- 
ently adjustable over a wide range. 


Escapement-Type Delay 
Mechanism 


| 


As the complete service restorer was 
designed for low-cost protection, it was 
imperative that all working parts be 
utilized to the fullest degree. Since both 
tripping and reclosing involved time de- 
lay, it was decided that one unit serving 
both operations could perform these duties 
admirably, and a mechanism was ac- 
cordingly built with a rugged design that 
would handle both duties successfully and 
reliably. 

This time-delay mechanism consists 
essentially of a gear train with an escape- 
ment pawl, which provides a time delay 
that is independent of temperature con- 
ditions. 

The time-delay driving gear has a 
ratchet on either side, and each ratchet 
is connected to a smaller gear on a shaft. 
On one side this ratchet gear is driven by 
the opening gear which is connected to 
the opening toggle, and the other ratchet 
gear is actuated by the main blade through 
a suitable mechanism to control the re- 
closing time delay. 

The correct initial starting position is 
always assured by a cam return spring 
that brings the gear train back to normal 
starting position. If the fault clears be- 
fore the restorer opens, the time delay 
will immediately return to its initial posi- 
tion ready for a second fault, thus pro- 
viding a high degree of accuracy of pro- 
tection. The reclosing time delay is 
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actuated by a projection on the main- 
blade operating lever. This projection 
initially engages the flat spring mounted 
on a cam which initiates the movement of 
the gear train. After a short travel, the 
main-blade operating lever engages the 
cam, and the driving effort of the main 
operating spring, transmitted through the 
main-blade operating lever, tends to 
rotate the cam, but rotation is restrained 
by the time-delay escapement. 

The reclosing time schedule is fixed at 
seven seconds, but the tripping time delay 
may be varied. The tripping time is 
dependent upon the amount of travel of 
the escapement, which in turn may be 
limited by a time-adjustment lever. This 
lever adjusts the position of the trip arms 
relative to the trip-coil pole faces and is 
in its turn controlled through a linkage 
to the manual rewinding lever. This lever 
is adjustable to its final position by a set 
screw mounted external to the housing. 
Calibration points are provided to indi- 
cate the maximum and minimum adjust- 
ments, which may be easily adjusted in 
the field with a screw driver. 


Manual Rewinding Mechanism 


A manual rewinding mechanism is pro- 
vided and so arranged that the restorer 
will not reclose until sufficient spring 
energy is stored for one closing and one 
opening operation, thus providing a valu- 
able safety factor when closing in against 
a fault. 

If there is no fault on the line, the re- 
winding motor then takes up its duties 
and completes the rewinding of the spring 
to its proper operating tension. 


Time-Current Characteristics 


Typical time-current characteristics are 
shown on Figure 2 where it may be noted 
that minimum trip is arranged for 150 
per cent of rated coil current. That is, 
in the dual ratings with the coils of a 
3-6-ampere combination connected in 
series for a three-ampere maximum cur- 
rent, the restorer would trip at 4.5 am- 
peres, or if the trip coils were connected 
in parallel for six amperes continuous cur- 
rent, then the restorer would trip at nine 
amperes. The two sets of curves for 
minimum and maximum time delay rep- 
resent the limits of the lever setting pre- 
viously described, and each family of 
curves represents the current adjustment 
obtainable. 

It should also be noted that at 500 
per cent of rated coil current, an instan- 
taneous trip mechanism comes into play, 
and the restorer may be tripped in- 
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stantaneously. This minimum trip may 
be easily adjusted from 500 per cent to 
1,000 per cent if a higher instantaneous 
trip value is desired. The current ad- 
justments are both internal to the re- 
storer and may be made with a screw 
driver as calibration marks are provided, 
and an indicator may be set for each 
adjustment, 


Mounting 


This new restorer is designed for either 
single-arm or direct-pole mounting and 
may be readily arranged for either type 
mounting as required, 


Construction 


Referring to Figure 4, it will be seen 
that this new single-pole service restorer 
consists essentially of a pivoted blade 
actuated by a small coil spring, mounted 
on the lower end of the one bushing and 
an expulsion contact mounted on the 
lower end of the other bushing. Both 
bushings are mounted, diverging out- 
wardly in the cover, and are of the stand- 
ard stud type. A slow-speed motor 
rewinds the operating spring after each re- 
closure, and this makes available an 
infinite number of reclosures on transient 
faults. On a sustained fault, the pre- 
stored spring energy is dissipated at such 
a rate that, after the fourth spring opera- 
tion following three reclosures, the re- 
storer will not reclose and is “locked out.”’ 
To reclose the restorer after lockout, it is 
necessary to manually rewind with the 
manual rewinding handle for four or five 
strokes, to store enough energy for one 
closing and one opening operation before 
the restorer closes and the motor begins 
its rewinding cycle. 


Application 


The problem of providing high-quality 
protection against faults, and the main- 
tenance of a reasonable continuity of 
service at a cost comparable with the 
revenue obtainable with long lightly 
loaded low-revenue lines have been 
brought to the fore more rapidly and 
forcefully with the shift of population 
from the cities to the country. 

The availability of modern low-cost 
electric appliances in these rural areas has 
further heightened the pressure to main- 
tain high-quality service, and, inasmuch 
as the average rural circuit is of the radial 
feeder type, it is of utmost importance 
that faults be localized as much as pos- 
sible and confined to the least number of 
customers. 
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Due to the nature of the territory in 
which these rural lines are located and 
the types of low-cost construction used, 
the prevalence of faults due to lightning 
disturbances and to trees swinging lines 
together in wind storms and whipping 
under sleet conditions is very high. 

Studies made in many parts of the 
country show that an average of 80 per 
cent of faults may be cleared, and service 
restored on a first reclosure, which thus 
justifies the use of reclosing devices on a 
rural system. 

The development of the three-pole 
service restorer described at the AIEE 
1941 Pacific Coast convention was one 
answer to the problem of high-quality 
protection for the main feeder, and the 
development of the single-pole unit de- 
scribed in this paper complements the 
three-pole unit to relieve the three- 
phase service restorers of a _ large 
numb < tJ operations; and to localize 
a sustained fault to any one particu- 
lar feeder. 

An interesting application is illustrated 
in Figure 5 based on a co-operative system 
with widely scattered individual custo- 
mers and on a moderately heavy load. 
A and B are two interconnected generat- 
ing stations with three-pole motor-re- 
wound service restorers at C, D, and E 
in the three-phase interconnecting power 
lines, and at F to protect a large load. 
At restorer E potential and current trans- 
formers were installed in the main line, 
and power directional relays were pro- 
vided to prevent generating station B 
from carrying the entire load if generating 
station A were out of service. Single-pole 
restorer G protects one branch line that 
is in a reasonably clear area and would 
not be subject to serious faults. Single- 
pole restorers J and K protect long lines 
radiating through heavily wooded area 
and are in cascade with a single-pole re- 
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storer at H. Similarly, single-pole re- 
storer M also is in cascade with restorers 
N and O to protect another area in 
trees. Restorers P, Q, and R protect 
feeders in the vicinity of generating sta- 
tion B. As no fuses are to be used for 
sectionalizing protection on this system, 
the problem of co-ordination was simply 
one of superimposing the time-current 
characteristic curves of single-pole serv- 
ice restorers on those of the three-pole 
service restorer and arranging tripping 
time and current settings so as to provide 
a high degree of selectivity. 

At each distribution transformer in- 
stallation, individual fuse protection was 
provided; therefore, the problem resolved 
itself into a group of individual circuit 
calculations to balance all factors to ob- 
tain the greatest flexibility, at the same 
time restricting outages to the smallest 
area, 

A check was made of the connected 
capacity on each branch feeder, and it 
was found that, in any individual leg to 
be protected, the connected transformer 
capacity did not exceed 20 kva. On the 
basis of a load factor of 50 per cent 
the load current would not exceed 
1.5 amperes per circuit, which was 
well under the continuous  current- 
carrying capacity of the smallest trip 
coil available. 

Therefore all single-pole service re- 
storers used were to be equipped with the 
same size trip coil, namely 3-6 amperes, 
and were arranged where there were two 
in cascade so that the unit nearest the 
source had the trip coils connected in 
multiple, for six amperes continuous cur- 
rent-carrying capacity, and those furthest 
out were arranged with the coils in series 
for three amperes continuous current- 
carrying capacity. It was then necessary 
to make field adjustments as to the time 
delay and instantaneous trip at various 
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points to properly co-ordinate the entire 
system. 

The three-pole service restorers C and 
D at the generating station were each 
equipped with a first instantaneous trip- 
ping action, followed by time-delay trip- 
ping on subsequent tripping operations. 

It is thus to be seen that each branch 


line is fully protected by a single-pole — 


restorer which will trip after a time delay. — 


The main-line protective restorer at the © 


generating stations, being equipped with 
instantaneous initial trip and instantane- 
ous first reclosure, will operate to protect 
the entire system against heavy transient 
faults in the main feeders. 

The single-pole restorers would be ar- 
ranged so that the tripping time delay is 
less than that of the main-line restorer on 
the second trip out; thus under sustained 
fault conditions the single-pole restorer 
will take over the duty of isolating the 
fault, and the remainder of the system 
continues with uninterrupted service. 
Under transient fault conditions the 
single-phase restorers will clear a fault 
on the branch lines, of lesser magnitude 
than that required to operate the main- 
line restorer at either C or D and will 
automatically restore the expended oper- 
ating energy upon the line circuit being 
re-energized. 

In the case of the system under dis- 
cussion, after three transient faults had 
been cleared, each subsequent operation 
of the single-pole service restorer may be 
considered as saving the expense of a 
service man with his transportation to 
and from the maintenance base to patrol 
the line and restore service. This saving 
of labor and transportation offers a con- 
siderable reduction in maintenance ex- 
pense and at the same time provides a 
very high quality of service in rural 
areas, comparable to that obtainable in 
suburban areas, at a very low initial cost. 
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AND PRIORITY MATERIAL PROBLEMS 


Outstanding among current developments is the rapid increase in the use of solids 
4 molded from powders. Not only do these include the better-known types of carbon 
Typical Stackpole Molded Products carbon graphite and similar compositions but, of steadily growing eer are 
Be rcctee repre a the countless parts formed from molded iron and iron-nickel powders. Savings in 
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daa pen coer Seal Rings it is only natural that Stackpole today should be headquarters for the latest develop- 
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CONTROWGENTER 
Fatricaled by 
KIRK & BLUM 


The above illustration is a series of control panels Our extensive modern plant facilities and a corps of 
and desks for an airplane motor test room. This skilled workmen are further assurance that your work 
entire assembly is an excellent example of one of the will be completed with speed and economy. 


various sheet metal products fabricated by Kirk & 

Blum in strict adherence to customer’s design and Consult Kirk & Blum Engineers. They will analyze 

specifications. your problems and make recommendations to solve 
them to your decided advantage. 


With a background of specialized experience of more 
Send for any of the following 


than a third of a century, fabricating sheet metal Booklets: 

products for various industries, we can, with equal “Data on KIRK & BLUM Pro- 
Send us your blue prints duction Facilities 

skill and dexterity, fabricate your special products. for prompt quotations. “Dust Collecting Systems in 


Metal Industries” 
“Fan Systems for Various In- 


ACCURATE SHEET STEEL FABRICATION — CAPACITY 3/3 INCH and LIGHTER dustries” 


“Blower Systems for Wood- 
working Plants’’ 


THE KIRK & BLUM MANUFACTURING (GO. [Ere 


AN ORGANIZATION OF ENGINEERS AND MECHANICS “Cooling Systems for the 
2855 SPRING GROVE AVE. CINCINNATI, OHIO imamimanld 
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Out of 1000 suspension insulators weakest unit establishes the 
whose average strength is, say strength of a string...Based on 
15,000 pounds, you pick up one. this simple logic, O-B rates suspen- 
What do you really know 


sion insulators by minimum 


about it? Maybe it’s ex- strength. Naturally there 


ceptionally strong. are strength varia- 
tions, but they are all 
above a definite val- 


ue. You know where 


Maybe it’s about 
properly rated. May- 
be its strength is be- 


low par. There must you stand when you 


The kind of strength that counts, 

be all three kinds to because you can count on it-- specify O-B insula- 
make up an average... eae ue tees td 7 tors. They have the kind 
Remember that while sus- of strength that counts, be- 
pension insulators hang in bunches, cause you can really count on it-- 


they break one at a time. The O-B minimum strength ratings. 


tio Peta 
MANSFIELD, OHIO 


Canadian Ohio Brass Co., Ltd., Niagara Falls, Ontario 
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Governor Motor 
Contactors. 


Lincoln Thermal Converter. 
Detects value of load and reports 
it to Micromax Controller, 


To Existing 
Governor- 
Motor Con- 
trol Switches 


Unit-Selector $ 


Micromax Recording Controller for tie-line load. Measures Enables operator 
tie-line load, and sends correcting impulses to governor-motor sign tie-line con 
contactors when actual load differs from scheduled load. any generating u 


TIED IN WITH A UTILITY? 
Here’s the Tie-Line Control You'll Need 


Industrial power plants which are tied in with a public-utility or other power network much 
larger than themselves can use the Micromax Tie-Line Load Controller to maintain, auto- 
matically, any desired interchange of load, and also to record the amount of power which changes 
hands. No alterations in the generator-governor are required; the Micromax Load Recorder 
simply operates the synchronizing motor on the governor, just as a man would do. In addition 
to being continuous and fully automatic, however, the mechanism detects and acts on load 
changes while they are still too small to show on a wattmeter, and so the Controller brings a new 
order of precision to the job of load-regulation. 


This Controller is, mechanically, a standard Micromax, like those employed for temperature, 
frequency, voltage, salinity and many other conditions. Its load detector, the Lincoln Thermal 
Converter, is also a standard device on public-utility systems; it has-no moving parts and requires 
no maintenance. The whole equipment can be installed by an electrician or instrument man. 


If you have a tie-line load problem on which this Controller could apply, outline it and we 
will send further information. 
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HE Tg values of AlSiMag ceramic compositions are among 
the many physical characteristics given in Property Chart 


No. 416. 


Frequently it is very difficult for the designing engineer to 
get information as to detailed characteristics of an insulat- 
ing material which he wishes to employ in his design. There- 
fore, American Lava Corporation took great pains in an 
effort to furnish such information in Property Chart No. 416. 


A Copy of this chart will be sent free on your request. It 
is conveniently arranged for filing, hanging on the wall or 
placing under desk glass. It takes only a moment to request 
AlSiMag Property Chart No. 416. It might save you many 
hours or days of laboratory experiment. 


4000 
900 AlSiMag Property Chart No. 416 
Gives Complete Physical Characteristics 
Ea of the Most Frequently Used AISiMag 
600  \ Compositions. Free on Request. 
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COMMAND TONS OF PRESSURE WITH POUNDS OF EFFORT ? 


OU’VE seen a heavy bomber 

change direction in the air— 
climb, bank or nose down. It looks 
easy, although the airstream is ac- 
tually piling tons of pressure against 
the rudder and tail surfaces. 

It even looks easy in the cabin, as 
you watch the pilot handle his con- 
trols. And it is easy, because a little 
trick called an “‘tamplidyne”—which 
steps up electrical power input to 
the control motors about 10,000 
times—is doing the work for him. 

This mechanism, a development 
of one of the nation’s largest elec- 
trical manufacturers, depends upon 
the special properties of an 


Allegheny Ludlum Electrical Steel 
to achieve its results. Into the steel, 
as it must be in the amplidyne itself, 
is built reliability, uniformity and 
stamina. 

Although important, this is only 
one of the dozens of wartime elec- 
trical devices to which Allegheny 
Ludlum Electrical Alloys have lent 
desirable qualities of magnetism, 
high permeability, or high resist- 
ance. The list covers control, de- 
tection and communications 
equipment for all the services. 

For engineers and production 
men desiring certified technical in- 
formation on these special alloys, 


write for a copy of the “Electrical 
Materials Blue Sheet.”’ If you need 
assistance on fabricating problems, 
our Technical Staff is at your service. 


STREL FOR |THE 
SATURN SW ERPA RE 


Allegheny Ladlers 


STEEL CORPORATION 


GENERAL OFFICES: PITTSBURGH, PENNSYLVANIA 


Steel-Makers to the Electrical Industry 
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FLEXIBLE! STRETCHABLE!... AND DURABLE! 


Many essential pro- 
ducts that formerly 
employed rubber can 
be served more effi- 
ciently and given longer life with VinyLiTE Elastic Plas- 
tics. Flexible and stretchable like rubber, yet far 
superior to this vital material in many ways, VINYLITE 
Elastic Plastics are releasing rubber for those uses that 
it alone can serve. 


Can VINYLITE Elastic 
Plastics help you solve 
a war-production problem? 


ViINYLITE Elastic Plastics are immune to many of 
the factors that cause rubber to deteriorate. They will 
not oxidize, and show no appreciable change even 
after prolonged aging. In abrasion resistance tests, 
certain types have proved superior to high-grade rub- 
ber compounds. Their tensile strength is higher than 
that of most rubber compounds. Under extreme cli- 
matic conditions, they do not become sticky or brittle 
—certain types retaining their flexibility even at -50 
deg. F. Other types are non-flammable. Depending 
upon the formulation, unusual resistance to water, 
oils, and many corrosive chemicals can be obtained. 
Transparency is another unique feature impossible to 
obtain with rubber. 


VinyLiTE Elastic Plastics are available for war pro- 
duction needs in sheeting form and as compounds for 
molding, extrusion, and calendering. Sheeting is sup- 
plied in a wide range of transparent and opaque col- 
ors, in rolls of various widths and thicknesses. Com- 


pounds can be either injection or compression molded, 
extruded into continuous rods and tubes or into wire 
and cable coverings, or calendered directly onto cloth. 
For those industries which have the necessary process- 
ing equipment, such as the rubber industry, powdered 
VinyLITE Resins are available which can then be pig- 
mented, blended with plasticizers, and formulated into 
flexible materials. 


RUBBER-PROCESSING FACILITIES USABLE 


Rubber manufacturers can realize important savings 
with VinyLITE Elastic Plastics. The handling of these 
materials is essentially the same as with rubber, and, 
with slight modifications, the same equipment can be 
used. However, no curing or vulcanizing is required, 
because VINYLITE Elastic Plastics come from the mold, 
extruding die, or calender mill as completed products. 

If you are engaged in war production and seek 
flexible materials with the unusual resistance and du- 
rability of VINYLITE Elastic Plastics, we suggest that 
you enlist the full co-operation of our technical staff. 
Booklet P-5, “Vinylite Resins—Their Forms, Prop- 
erties and Uses,” describes these and other VINYLITE 
Plastics in detail. 

Plastics Division 
CARBIDE AND CARBON CHEMICALS CORPORATION 
Unit of Union Carbide and Carbon Corporation 


UCC) 
30 EAST 42ND STREET, NEW YORK, N.Y. 


“VINYLITE” ELASTIC PLASTICS 


bring many important meet many different fabrication make possible many 
properties to your products... ~ and application needs. ae advanced wartime products... 


INJECTION MOLDING INFLATABLE EQUIPMENT 


Unlike rubber, complete Inflatable equipment, 
2 ‘ recent tests, special : products can be formed waterproofed by coating | 
aad Elastic Plastic was & ©} from VINYLITE Elastic Plas- one or both sides of the 
_ found to be several times ~ ties by high-speed injection cloth with VINYLITE Elastic 
__ more resistant to abrasion y Plastics is more durable 


pata nese molding. This process 
than high. grade rubber | brings marked economies 
on long runs. 


than similar equipment 
made from rubber-coated 
cloth. 


RESISTANCE. 0 FLAME 


Insulation made of non- 
_ flammable types of 
_ VINYUTE Elastic Plastics is 
used widely on wire and 
‘cable in place of rubber — 
and other dielectric 


AIRCRAFT PARTS 


Flexible even at -~50 deg. 
F., VINYLITE Elastic Plastics 
are used for transparent 
aircraft wiring conduits, 


COMPRESSION MOLDING 
In many instances, VINYLUTE 
Elastic Plastics can be 
compression molded in ex- 


materials. Slug iwbbar welds eth weather-resistant wind- 

‘ shield wiper blades, floor 

 _NON-OXIDIZING AND minor modifications. Parts mats, gromets, and wire 
_ NON-AGING come from the mold ready terminal insulators. 


for use — curing and vul- 


Oxygen bomb tests 
xg prove. canization are avoided. 


VINYLTE Elastic Plastics im- 
mune to oxidation. Thirty 
days’ exposure to sunlight 
and weathering on coated 
cloth for Army raincoats 
also has no appreciable 
effect. 


WATER AND 
CHEMICAL RESISTANCE 


After 24 hours’ immersion 
in water at 25 deg. C., 
absorption is only 0.20 per 
cent with certain types. 
Excellent resistance to oils, 
grease, and many corro- 
sive chemicals can also be 


_ RAINCOATS AND 
PAULINS 


Army raincoats, tenting: 
and equipment paulins 
coated with VINYLITE Elas- 
tic Plastics retain their 
water resistance — without 
becoming brittle when 
cold, or sticky when hot. 


SCREW EXTRUSION 


VINYLITE Elastic Plastics can 
be fabricated in standard 
types of screw extruders 
into continuous tubes, 
rods, and insulation cover- 
ings for wires and cables. 


UPHOLSTERY FOR 
HARD SERVICE .. 


VINYLITE Elastic Plastics 
are used for upholstering 
seats in tanks and planes 
where they are far supe- 


SPREADER COATINGS 


Dissolved in suitable sol- 


pbtained: vents, VINYLITE Elastic Plas- ; bb. d A 
tics can be applied to cloth Hor to upper ane ale 

COLOR AND ficial leathers in moisture 
on standard spreader- 

TRANSPARENCY P resistance, toughness, and 


coating equipment. Pets 
VINYLITE Resins can be pig- adie tae 
mented to meet any color 
requirements. Unlike rub- 
ber, they can be formu- 
lated into transparent as 


well as opaque forms. 


FLEXIBILITY AND 
STRETCHABILITY 


Certain types withstand 
3,000,000 cycles in a me- 
chanical flexing tester. 
They may be elongated 
300 per cent at room tem- 
perature, but will return 
to original length without 
“snapback.”” 


ELECTRICAL INSULATION 


Dielectric strength, in 
0.025-in. thickness at 25 
deg. C., ranges from 900 
to 1,100 volts per mil, and 
300 to 330 volts per mil 
in 0.125-in. thickness. 


ELASTIC WIRE AND 
CABLE INSULATION 


Durable insulation for 
vital electric wires and 
cables is made from 
VINYLITE Elastic Plastics. 
Non-flammable and abra-. 
sion-resistant, they elimi- 
nate additional protective 
wrappings. 


CALENDERING 


Durable, waterproof coat- 
ings on cloth, up to .030 
inches thick, can be ap- 
plied by standard calen- 
der mills used for rubber. 


FABRICATING 


Flexible sheeting and 
coated cloth can be either 
cemented or heat-sealed. 
Embossing is used to ob- 
tain various surface effects. 


CHEMICALPROOF 
PRODUCTS 


Highly resistant to chemi- 
cal fumes and liquids, 
VINYLITE Elastic Plastics 
provide flexible frames for 
gas masks, coatings for 
electroplating equipment, 
and durable tops for 
storage batteries. 


*The word “Vinylite” is a 
registered trade-mark of 
Carbide and Carbon Chem- 


o 
icals Corporation. 


PLASTICS 


RUBBER COVERED POWER CABLES e BUILDING WIRE Bibliography 
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is working 100% to keep the 
Light of Freedom burning 


CRESCENT INSULATED WIRE & CABLE CO. 


CRESCENT 
~ sean, WIRE and CABLE — 


Factory: TRENTON, N. J.— Stocks in Principal Cities | 


CRESFLEX NON-METALLIC SHEATHED CABLE e SERVICE ENTRANCE CABLE e MAGNET WIRE e BARE WIRE 


G1gvVO GAYOWUVY e SAIGVD AVMHUVd ANV 


CRESCENT ENDURITE SUPER-AGING INSULATION 


on 
Eleectrieal 
Safety 


The third bibliography of technical 
literature entitled ‘“‘Bibliography on 
Electrical Safety, 1930-1941” has 
just been published by the American 
Institute of Electrical Engineers. 
This publication, sponsored by the 
AIEE committee on safety, is de- 
signed to make available a fund of 
information on electrical safety 
which should be of special interest at 
a time when accident prevention is 
of national importance. A list of 
applicable standards, specifications, 
and safety codes is also included. 
Information on safety published be- 
fore 1930 may be located through 
bibliographies accompanying arti- 
cles listed. 


The items in this bibliography are 
divided into sections according to 
subject matter as follows: 


Electrical Accidents and Their 
Causes 


€ 


Accident Prevention Methods 
Safety Codes and Standards 
Effects of Electric Shock 


oe ted 


Resuscitation 


The “Bibliography on Electrical 
Safety, 1930-1941” is a 16-page 
pamphlet, 8!/. by ll inches. It may 
be obtained from AIEE_head- 
quarters, 33 West 39th Street, New 
York, N. Y., at 25 cents per copy to 
Institute members (50 cents to non- 
members) with a discount of 20 per 
cent for quantities of 10 or more 
mailed at one time to one address. 
Remittances, payable in New York 
exchange, should accompany orders. 
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« 


--withe Load conten 


»¥ 


S 
\ 


Weehe- 


of Copper and Steel 
of Valuable Time 


In an ordnance plant, 5 tons In a manufacturing plant, 8 tons In a large shipyard, 145 tons 


N THESE three projects alone, load-center electric 
distribution systems, with their copper-stingy 


short secondaries, made possible the conservation of LIGHTING MATERIALS, TOO! 
vast quantities of vital copper and steel. And the jobs ond Aieiriiudoncd ‘ 2 
were completed in one to six months less time than cae pe ene, pie ea SEN eee as 
would have been required if old-style systems had woe Fear Sit eae seus ae 
be ’ 

een used range from 250 to 280 volts. This new ballast 

Using standard, “packaged” equipment, a load-center ae tee pate one-half as much pete 
system presents very few design problems, can be eines roe ene Fan Mie giatioe sy 57! 
purchased and installed much more easily and quickly, available for operating pao eee a3 


and at Jower over-all cost. Performance of electric 
equipment is materially improyed by the reduction 
of yoltage drop in the short low-voltage feeders. Write 
for more detailed information. General Electric Co., 
Schenectady, N. Y. 


In the load-center system, 
power is distributed at relatively 
high voltage (2.4 to 13.2 kv) to 
compact unit substations located 

We near the centers of electrical load 
areas—eliminating the need for 


long, heavy, low-voltage feeders 


The Navy “E”’, for Excellence, has 

been owarded to 92,780 General from a distant substation. These 
Electric employees tn six plants 

monvfocturing novel equipment factory-assembled, safety-metal- 


enclosed units are quickly and 
easily installed right in working 
areas without expensive vault 
construction—thanks to non-in- 
flammable Pyranol. 


GENERAL @ ELECTRIC 


302-13-170E 


PO WIT ADEE 


(CELLULOSE ACETATE ) 


KAPPA Coil Winding Tapes are an entirely NEW and 
superior product based on extensive research in the development 
of modern cellulose acetate fabrics for this specialized appli- 
cation...and available for IMMEDIATE DELIVERY in any quantity. 


On every one of the seven counts listed in the panel to the 
left, KAPPA Tapes have shown important advantages over pre- 
sent standard coil winding materials. Tests in actual use have 
demonstrated that KAPPA Tapes handle better in both machine 
and hand taping operations, and that KAPPA-taped coils are 
smoother and the varnish application more uniform. Furthermore, 
the higher dielectric breakdown values of this new material have 
made it possible to secure equivalent insulation efficiency with 
less varnish or fewer dips than previous standard material. 


We will be glad to send you detailed test data covering 
also special widths all of these points and to enter your name for a copy of the 
new KAPPA Technical Bulletin now on the press. Write direct to 
Wm. E. Wright & Sons Company, Industrial Textile Divicion, 
Box 1500, West Warren, Mass. 


d mil thicknesses, 
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J OUNCES OF STEEL 


in this Aircraft Engine 


coco PALNUT 


Several hundred Double Locking PALNUTS 
are used in each aircraft engine—yet their 
total weight is only 9 ounces! Graphic evi- 
dence that PALNUTS provide great strength— 
with little weight or bulk! Palnuts have been 
standard on Army, Navy and Commercial air- 
craft engines for 15 years, testifying to their 
unfailing security in this vital application—as well as on tanks, jeeps, 
military vehicles, electrical equipment and machinery of all kinds. 


@ 
| 


When the 
PALNUT is 
wirench- 
tightened on 
top of the 
regular nut, 
arched, slotted 
jaws grip the 
bolt like a chuck (B-B), while 
spring tension is exerted upward 
on the bolt thread and downward 
on the regular nut (A-A), securely 
locking both. 


The Palnut is a single thread locknut, made of spring tempered steel. It 
is easily, speedily applied on top of an ordinary nut. Palnuts are low 
in cost—may be re-used—withstand high temperatures—and are in- 
terchangeable with other approved devices. 


For the duration, the use of Palnuts is restricted to vital war require- 
ments. However, Palnut samples and engineering data are available 
to any manufacturer for testing or experimental work. 


WRITE FOR 
PALNUT 
MANUAL No. 1 


>. THE PALNUT COMPANY 


\ 46 Cordier St., Irvington, N. J. 


Fully describes and 


e\ Ss yi \ ——, \\W™_ illustrates the PAL- 
DOUBLE-LOCKING  \3xse ZaB\N wor principe, of 


vantages, uses, sizes, 


: : Ce d YP finishes, efc. Write 
: Be ess today. 
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FASTER 


EASIER, SAFER 


Allis-Chalmers Dry Type Trans- 
formers Can Be Installed Right 
at Load Centers . . . with No 
Fire Hazard . . . No Time-Wasting 
Vault Construction . . . No Long 
Runs of Secondary Copper! 


Now is the time America at war must do 
everything possible to speed industrial ex- 
pansion and conversion. And one way 
more and more plants are doing this... 
and at the same time getting increased 
production ... is with Allis-Chalmers Dry 
Type Transformers. 


a y 
10 2 
97 L663 ° 
1. No Fireproof Vaults! 
sf 4 


Tages Absence of oil eliminates need 
for time- wasting construction. 


\. 2. Save Valuable Floor 
7) / Space! Allis-Chalmers Dry 
Ya Type Transformers can be 
\ placed anywhere — on posts, 


beams, overhead platforms—be- 
j : : 
«= cause there’s nothing to leak. 


&\ 3. Greater Flexibility! Small- 
SO oa Peneonasic at load centers 
| permit quick changeover to meet 
i shifting production demands. 


4. Conserve Vital Copper! 
Long, heavy secondary runs are 
done away with . . . savings in 
copper run as high as 50%! 


5. Improved Motor and 
Lamp Performance! On-the- 
spot location means you need 
less voltage regulation. And 
your line losses are lower. 


ALLIS-CHALMERS 


MeL WAU Kok BW CS Ce Sot 


jd Your servicemen don’t have 


a : . 
N waste time testing or filter 
insulating liquids, 


For complete information on the A 
Chalmers Dry Type Transformer, call 
district office hear you. Or write direc 


Allis-Chalmers, Milwaukee, Wiscon 
A 


Ts 6. Maintenance Slash 


in over three-quarters of a century of con- 
tinuous production, has established a record 
of performance that is unequalled in a the 


a¢ a history of insulated wires and cables. — 
_ Kerite is a seasoned security 
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National Electric 


PROUOOCTS CORPORATION 


TRADE LITERATURE 


[Mailed to readers free—unless otherwise noted—upon request of companies named] 


Stroboscopic Techniques.—Bulletin, 28 pp., 
“Byes for Industry.’’ Describes types of 
stroboscopes, typical uses, operating meth- 
ods, etc. General Radio Co., Cambridge, 
Mass. 


Signalling Devices.—Sectional Catalog. 
Describes industrial signals, bells, buzzers, 
chimes, horns, sirens, pushbuttons, relays, 
transformers. Schwarze Electric Co., 
Adrian, Mich. 


‘ 


Copper Conservation.—Bulletin 4210, 12 
pp., “Saving Copper—A War Time Neces- 
sity.” Delay in securing materials and 
shortage of man-power are forcing a revival 
of interest in open wiring up to 600 volts for 
industrial plants, according to this manu- 
facturer. The booklet examines this type 
of construction from the standpoint of best 
use of copper. Delta-Star Electric Co., 
2400 Block, Fulton St., Chicago, Ill. 


Rheostats.— Bulletin 69. Describes pressed 
steel rheostats, applicable where the need 
exists for a small, sturdy, power rheostat 
having a large number of steps and ample 
current-carrying capacity. These rheostats 
are 4 inches in diameter with as many as 43 
steps of control and are rated for 100 watts. 
They feature balanced contact arm, ‘“‘dead”’ 
shaft construction, copper graphited con- 
tact shoes and front or back-of-board 
mounting in single and multiple assemblies. 
Ward Leonard Electric Co., Mt. Vernon, 
INGE YS 


Industrial Rubber.— Bulletin, 30 pp., ‘“Rub- 
ber Guide Book for American War Indus- 
tries.’ Lists application and properties of 
many types of products for industrial and 
aeronautical purposes using natural, syn- 
thetic or reclaimed rubber. Sections are 
devoted to properties of Ameripol (synthetic 
rubber compounds), hydraulic equipment 
parts; sponge products; industrial rubber 
gloves; extruded rubber goods; anode 
process of rubber coverings, industrial and 
aeronautical molded goods; hard rubber 
parts; rubber cements; lathe cut rubber 
goods, and properties of reclaimed rubber. 
The B. F. Goodrich Co., Akron, Ohio. 


Industrial Plastic.—Booklet B-3184, 36 pp. 
Describes Micarta, an all-purpose industrial 
plastic—a replacement for many critical 
materials possessing extreme light weight; 
great tensile and compressive strength; high 
resistance to cold, heat, moisture, oil and 
mild chemicals; slow, even wear; excellent 
electrical insulation; easy to fabricate or 
mold. The Data Book discusses the manu- 
facture of Micarta, and the two general 
forms in which it is supplied—laminated 
and molded. Comprehensive tables list 
standard Micarta shapes and the maximum 
and minimum dimensions in which they are 
available. Grade selection tables are in- 
cluded, and graphs indicate the relative 
mechanical, electrical and chemical proper- 
ties of each grade. Westinghouse Electric 


Metalclad Switchgear.—Catalog 1110, 12 
pp. Describes horizontal drawout metal- 
clad switchgear in 100,000, 150,000 and 
250,000 kva capacities at 5,000 and 15,000 
volts. The advantages of metalclad switch- 
gear in safety, reliability and ease of in- 
stallation and maintenance are emphasized. 
Construction details on design are described 
and illustrated; complete dimensional data 
on the various types of gear available are 
included. Roller-Smith Co., Bethlehem, Pa. 


Silicon Bronzes.—‘‘Duronze’’ Manual, 80 
pp. Describes a series of high-copper silicon 
alloys which have found wide application in 
the electrical field, for transmission line 
hardware, nuts and bolts, connectors, wire 
and cable clamps, etc. Complete technical 
data and applications are included. Bridge- 
port Brass Co., Bridgeport, Conn. 3 


, 


Hydroelectric Units.—Bulletin B6184, 28 
pp. Many of the large hydroelectric in- 
stallations such as Boulder Dam, Santee 
Cooper, Pickwick Landing and Chica- 
mauga, are described, as well as representa- 
tive industrial and municipal units. Im- 
pulse, Francis and propeller type turbines 
are covered. The special adaptability of 
each type of turbine in relation to conditions 
of the installations is discussed. Allis- 
Chalmers Mfg. Co. Milwaukee, Wis. 


Protect Priceless 
Equipment with the 


VIBROTEST 


Check the insulation resistance of each 
piece of electrical equipment in your 
plant regularly with the VIBROTEST — 
prevent breakdowns by correcting in- 
sulation failures before they happen. 
Protection for this almost irreplaceable 
equipment becomes more vital each 
month the war continues. Write today 
for the new Engineering Bulletin on 
the sturdy, accurate, VIBROTEST. 


i 
ASSOCIATED RESERRCH 


437 So. Dearborn St., Chicago 


800 Fulton Building, Pittsburgh, Pa. : —@- MANUFACTURERS OF 
U & Mfg. Co., East Pittsburgh, Pa. ELECTRICAL INSTRUMENTS 
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BACKING UP THE YANKS 
ON OVER 30 FRONTS 


he whole world is our 

battlefield in this war! 
To win we have to knock out the enemy wher- 
ever he is! You find Yanks in the Solomon Islands, 
China, Madagascar, India, Egypt, the Belgian 
Congo...and every other place that’s a battle- 
field today or tomorrow! We’ve got to get there 
“firstest with the mostest.” And come hell or 


high water, we shall not fail to deliver the goods. 

American draftsmen, engineers and architects 
rely upon Dixon Typhonite ELDORADO to help 
them crystalize the material of war. ELDORADO’s 
sharp opaque unmistakable lines make easy-to- 
read blueprints. Yes, ELDORADO as a drawing 
pencil is doing its part to help America shorten 
this war by days, weeks, months, years! 


EL DORADO 


PENCIL SALES DEPARTMENT, 
DECEMBER 1942 


2 
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Tell us what you want the trans- 
former to do, and we'll supply a 
design with outstanding per- 
formance features. 


FOR 
EXAMPLE 


Acme compound 
filled transformers 
for short wave 
communication, 
public address 
systems and other 


radio applications are preferred for their serv- 
iceability under climatic variations from below 
zero to 120° in the shade. 


Or Maybe This Style 


Here are a group of air-borne transformers. 
Made to Acme quality standards for operations 
ranging from sea level to 8 miles plus in the air. 
For such service there can be no compromise 
with quality. 


SPACE SAVER 


Long, flat and narrow. This is one of the 15 
different styles of Acme fluorescent lamp bal- 
lasts. Do the physical dimensions of your needs 
compare with this? Write Acme. 


Heavy Duty 
Transformers 


Where ruggedness is 
an asset. The Acme 
line of air - cooled 
transformer designs 
in a range from 1/10th 
to 50 KVA can be 
used as a basis for 
building your heavy 
duty special purpose 
transformers. What's 
your transformer prob- 
lem? 


THE ACME ELECTRIC & MFG. CO. 
22 Water St. Cuba, N. Y. 


Ac 
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Gem-Quality Synthetic Corundum.—Syn- 
thetic white sapphire, the mineral corundum 
unpigmented and of gem quality, is now 
available in the form of boules from the 
Linde Air Products Company, 30 East 42d 
St., New York, N. Y., a unit of Union 
Carbide & Carbon Corporation. The 
boules, the form in which the sapphire is 
manufactured, each weigh at least 150 carats 
and are of a regular cylindrical shape, enab- 
ling gem cutters to standardize on cutting 
and sawing procedures. The material, as 
now made, is practically perfect, any im- 
perfections being microscopic in size and 
having no effect whatever on the quality of 
the material for precision bearing surfaces 
and other essential industrial parts. Many 
essential uses are already being made of 
jewels cut from these synthetic boules. 


Among locations where they serve eco- 
nomically are as the jewel bearings of 
chronometers, compasses, and electrical, 
fire-control, and aircraft instruments. In 
such instruments, they are employed in the 
form of ring bearings or V-type and cup- 
type end bearings. 


Varnished Silk Alternates.—Varnished 
rayon, varnished cotton cloth and varnished 
nylon have been developed by the Irvington 
Varnish & Insulator Co., Irvington, N. J., 
for electrical insulation formerly provided 
by varnished silk. All these materials 
possess good dielectric strength with tensile 
and tear strengths equal to or better than 
varnished silk and can be punched into 
special shapes. They are available in thick- 
nesses from 0.003 inch to 0.008 inch in 
straight cut rolls or bias cut strips in 51 inch 
lengths. Each base material is coated with 
Irvington special insulating varnish. High 
tenacity varnished rayon is the most suit- 
able alternate for varnished silk, comparing 
favorably with it in strength and flexibility. 
It has a dielectric strength of 1200 VPM 
and is used for wrapping leads, small mag- 
netos and coils. Varnished cotton cloth 
has greater tensile strength than varnished 


silk. Its pliability permits application on 
odd shapes. Dielectric strength is 1200 
VPM. Varnished nylon has qualities of 


flexibility and high tensile strength with 
dielectric strength of 1200 VPM. At this 


time, nylon is only available by Govern- 
ment allocation. 


duced by the O. Z. Electrical Mfg. Co., 
Brooklyn, N. Y., is a compact, flexible 
fitting made with two- or three-wire branc h 
taps, and taking a wide range of wire sizes 


With its use, there is a saving not only i 
installation time, but in elimination of the 
additional connector equipment ordinarily 
required with a one-tap style connector, 
The interlocking clamp incorporated for 
positive gripping of wires, binds all strands 
tightly in the lug. The accurate machining 
of parts and the high copper alloy used in 
this type ‘““KTC”’ connector assure full con- 
ductivity, corrosion resistance and long 
service life. Hex-head bolts are held fast 
by recesses in the ruggedly constructed 
body of the connector; make single wrench 
installation quick and easy. 


Welding Transformer.—Speeding produc- — 
tion of war matériel has created manufac- 4 
turing problems oftentimes never experi- \ 
enced in the production of peacetime goods. 
As a result much production machinery has 
been designed to perform a specific opera- 
tion or function. As an example, the Acme — 
Electric & Mfg. Co., Cuba, N. Y., announces 
the development of special welding trans- 
formers for operation on primary circuits of 
115 volts, single phase, 60 cycle and having 
secondary characteristics of 0.75 volt, 1600 
amperes. (Continued on page 22) 
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CABLE ADDRESS, GENRADCO. BOSTON 


THIRTY STATE STREET 


BENTLEYS CODE 


Peterson Trowerisee 440° CAMBRIDGE, MASSACHUSETTS 


TO USERS OF 
GENERAL RADIO INSTRUMENTS 


Gentlemen: 


When instruments» puilt for sntermittent service, are 
worked “sround the elouk usc when years of normal 
instrument operation are compressed into a few 

months ~~ prompt repair service 18 essential. There 
must be no avoidable anterruption of urgent war production. 


Our gervices department is organized and equipped +o handle 
s4oday's unprecedented volumes of service problems promptly 
and capably. Years of experienc? with adjustments and 
repairs have Long since convinced us of the jmportance 

of services Today this service 4s doubly necessary> 
complete case history file is kept on every ma jor 
snstrumente Reconditioned ;nstruments aré guaranteed for 
one year +o the seme specifications ag when news 


You can help to speed necessary repairs py doing all 


possible repair work in your own plant with the aid of 
our SERVICE AND MAINTENANCE NoTES. They have already 


+o get petter gervice erom their equipmente 


When requesting your get of SERVICE AND MAINTEN ANCE NOTES , 
please list your General Radio snstruments by type 


Service Manager 
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NEW PRODUCTS 


(Continued from p. 20) 


‘Blueprint Trimmer.—This simple trimming 
machine permits speedy and accurate cut- 
ting or trimming of drawing paper, blue- 
prints, cardboard, etc. The material to be 
cut is automatically held in place by spring 
hinges placed on the rail guide. Cutting is 
performed back and forth by two old razor 
blades on a sliding block and secured in 


place by nuts in a protected arrangement. 
The table is calibrated to provide margins 
around the frame from */3 to 2 inches. The 
trimmer is made in four sizes, from 32 inches 
over-all with 25 inch cutting size, to 62 
inches over-all with 55 inch cutting size, 
Manufactured by Edi Trimming Machines, 
609 West 115 St., New York, N. Y. 


Photocopy Machine.—A photocopy machine 
manufactured by the American Photocopy 
Equipment Co., 2849 N. Clark St., Chicago, 
produces copies similar to photostats, the 
actual size of the original, of anything writ- 
ten, typed, printed, drawn or photographed, 
at the rate of 120 copies per hour. No 
technical skill or dark room is required for 
operation. Engineering departments use it 
to make immediate copy directly from blue- 
prints without making tracings, also for 
copying specifications, etc. Executive and 
sales departments employ it for copying 
important contracts and agreements, copies 
of inquiries, etc. The machine is moderately 
priced. 


Among Recent 
AIEE Publications 


SHALLCROSS 
INSTRUMENTS 


are tools of War-Time Production covering a 


Bibliography on Electrical Safety 
(see page 10, adv. sec., this issue) 


e . - s 
wide range of activity. Shallcross Engineers 


Bibliography on Circuit-Interrupting 

Devices (page 24) 
« 

Advanced Methods of Mathematical 
Analysis as Applied to Electrical 
Engineering (page 36) 

| & 


have much experience in the design and con- 


struction of specialized equipment. Submit your 


_ problem to Shallcross . . . and if your project is 
| @ part of the War Effort we will find time to 
. determine the correct answer. Dept. D. 9 
Two oe Welding Aids (page 
42 

e 
Electrical Definitions (page 33) 

e 


New AIEE Standards (page 35) 


HALLCROSS MFG. CO. 


COLLINGDALE, PENNA. 
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ssible, wa 
for small fi 


PROBLEM - To find a compre 


stant terminal washer 


ant, water-res! 


Tough, compressible, 


sss wax-oibwater-resist- 


eal of one of Armstrong's 


ant ¢ ompositions. 


Cork-and-Synthetic Cc 


x-resistant, ol 
xed condensers. 


LARGE manufacturer of small 
fixed condensers was con- 
fronted with a perplexing sealing 
problem. The terminals on the can 
needed washers that were tough, 


the washer satisfied every require- 
ment. Reasons: the cork content in 
this material makes it truly com- 
pressible; the synthetic content 
makes it tough and resistant to wax, 


to withstand assembly; compres- oil, and salt water. 
sible, to seal tightly; wax-resistant 
and oil-resistant, to avoid deteriora- 
tion. Moreover, after assembly, the 
washers had to pass a severe test 
which had been imposed by certain 
purchasers—long immer- 
sion in salt water at ele- 


vated temperature. 


Rolls, Sheets, Gaskets, Molded Forms 


In addition to more than two 
dozen synthetic, cork-and-syn- 
thetic, and cork-and-rubber com- 


ARMSTRONG’S 
GASKETS -: SEALS 
PACKINGS 


Solution 


Many materials were 
tried. Stiff, fibre-type wash- 
ers failed to conform to va- 
riations in the can surfaces. 
Soft, rubber-type washers 
extruded under the as- 
sembly pressure. Others 
leaked during the water 
immersion test. But when 
the manufacturer tried one 
of Armstrong’s Cork-and- 
Synthetic Compositions, 


(AY 


So 


Rubber-like Synthetics 
*Cork-and-Synthetics © Cork-and-Rubbe: 
Cork Compositions e Fibrated Leather 


2 ww. oo 
FORMERLY CORPRENE 


|-resist- 


positions, the Armstrong line of 
sealing materials includes many 
different plain, laminated, and spe- 
cially surface-treated cork compo- 
sitions ... and No. 841 Fibrated 
Leather (a general-purpose gasket 
material offering the advantages of 
natural leather in large, uniform, 
low-cost rolls and sheets). 
Armstrong Compositions having 
virtually any desired physical prop- 
erties are available in rolls, 
sheets, cut gaskets, molded or 
extruded forms—for sealing 
transformers, switches, pot- 
heads, oil-filled cables, cir- 
cuit breakers, condensers, 
and other electrical equip- 
ment. So, no matter what 
your sealing needs may be, 
call in an Armstrong repre- 
sentative to submit recom- 
mendations. Or write us, 
giving complete details of 
your sealing application. 
Armstrong Cork Company, 
Industrial Division, 943 
Arch St., Lancaster, Pa. 
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PERMANENT 
MAGNETS 


‘The Arnold fingineering (Company produces 
all ALNICO types including ALNICO V. 


All Magnets are completely manufactured in 
our own plant under close metallurgical, 
mechanical and magnetic control. 


‘The Arnold —ngineering (Company freely 


offers engineering assistance in the solution 
of your magnetic design problems. 


All inquiries will receive prompt attention. 


THE A RNOLD ENGINEERING (COMPANY 


147 EAST ONTARIO STREET 


CHICAGO, ILLINOIS 


INVEST 10% IN WAR BONDS AND STAMPS 


RECOMMENDED PRACTISE FOR 


Electrical Installations 


Sec. No. 45 
AIEE Standards 
With Addenda as 
of February 1942 


Shipboard 


(MARINE RULES) 


HE latest edition of ‘‘Recommended 

Practise for Electrical Installations on 
Shipboard"’ (Marine Rules) is published as 
Section 45 of the AIEE Standards. The 
pamphlet contains 100 pages; price is $1.50 
(SO% discount to members of the AIEE). 


These rules have been drawn up to serve as 
a guide for the equipment of merchant ships 
with electrical apparatus for lighting, signal- 
ing, communication, power and propulsion 
for both alternating and direct current sys- 
tems. They indicate whatis considered good 
engineering practise with reference to safety 
of the personnel and of the ship itself, as well 
as reliability and durability of the electrical 
apparatus. 


a American Institute of Electrical Engineers 


33 West Thirty-Ninth Street, New York 
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BIBLIOGRAPHY ON 
CIRCUIT- 
INTERRUPTING 
DEVICES 


HE second of several technical bibliog- 

raphies currently in preparation by 
Institute committees, a ‘Bibliography on 
Circuit-Interrupting Devices, 1928-1940,” 
sponsored by the AIEE committee on pro- 
tective devices, has just been published. 
This list of more than 850 titles covers the 
period 1928-1940. It includes all important 
material on the subject of circuit-interruption 
published in the United States by the Insti- 
tute and various technical and trade periodi- 
cals, and the principal articles published in 
other countries. 

Following the arrangement of the “Bib- 
liography of Relay Literature, 1927-1929,” 
published in July 1941, the reference items 
in the ‘Bibliography on Circuit-Interrupting 
Devices” are divided according to subject, 
and within each section are numbered con- 
secutively, subdivided by years, and listed 
alphabetically for each year. The subject 
headings are: Circuit Breakers (Air, Oil, 
Water, Rapid Reclosing, Recovery Voltages, 
General and Miscellaneous), Enclosed — 
Switchgear, Air Switches, Bus Bars, and 


Fuses and Fuse Protection. 


**Bibliography on Circuit-Interrupting 
Devices, 1928-1940’’ 
Printed pamphlet, 28 pages, 814 by 11 
inches; 40 cents per copy to AIEE 
members (80 cents to nonmembers). 
Discount of 20 per cent on quantities of 
10 or more copies mailed to one address 
at one time. Remittances in New York 
exchange should accompany orders. 


Use coupon for ordering publications 


AIEE Order Department 
33 West 39th Street, New York, N. Y. 


Please send me: 


SB0aa0% Copies of BIBLIOGRAPHY ON CIRCUIT- 
INTERRUPTING DEVICES 1928-1940 


for which I enclose check for $ 


0 AIEE Member 0) Nonmember 


#a, 9) Si e)\6ie ts, © .4),6)\0 0, 0.606) 0/0) shee! ata) eiieiis te, aleugis| ea berate 
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They work together better... 


because they can talk together 


Ten times faster 
Than the crawling column they come 


But faster still flashes the warning— 
“Enemy bombers!” 


Quickly trucks disperse 

Guns are set up 

And a warm welcome 

Of good American ack ack 

Makes the planes of the rising sun 
Set. 


What if this teamwork 


Between scout plane and supply column 


Were not possible? 
What if there had been no 
Radiotelephones? 


INTERNATIONAL TELEPHONE AND TELEGRAPH CORPORATION 67 Broad St., New York, N.Y. 


This convoy 
Might not have got through 


And at its distant destination 
Valiant allies 

Might have gone down—fighting 
Without arms. 


Modern communications equipment 
Designed and manufactured 

By I. T. & T. associate companies 

Is helping Uncle Sam 

Coordinate his fighting forces 

On land, sea and in the air. 


The broad peacetime experience 

oye dh, Wy tee IE 

In the field of communications 

Is proving its value in time of war. 


«Manufacturing Associate: FEDERAL TELEPHONE AND RADIO CORPORATION 


formerly operating under the names: International Telephone & Radio 


Manufacturing Corporation and Federal Telegraph Company 
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Ferranti 
AIR COOLED INDUSTRIAL 
TRANSFORMERS 


It doesn’t matter what your prob- 
lem may be—we can solve it for you! 


The field isn’t new to us—we've 
been in it for over sixty years ! 


To see YOU through the present 
emergency we have doubled and re- 
doubled our manufacturing facilities 
—and we can give you surprisingly 
quick deliveries. 


In the interest of NATIONAL 
ECONOMY you can best do 
YOUR share by cutting costs with 
Ferranti AIR COOLED TRANS- 
FORMERS! 


Also special transformers for every electronic, communica- 
tions, sound and laboratory use—aircraft and portable work. 


Send us your specifications—we'll do the rest! 


_ FERRANTI ELECTRIC, ING, One 


€ canii Elesisic, Lid., Toronto, Canada > Perransi, Lid., -Hoilinweod, Engiand 


x 
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FLEX-A-PLUGS 
COMPLETE the TRUMBULL 


ENCLOSED BUSBAR DISTRIBUTION SYSTEM 

FULL benefits of this system, are dependent upon 
the wide variety and unique engineering features of 
FLEX-A-PLUGS that permit immediate connection or dis- 
connection of motor driven machines at any point 
(12 centers) on the line. 


MACHINES IN A 
MATTER OF MINUTES 


Flex-A-Plugs, with “‘stab’’ con- 
nections to buses, simply plug into 
Flex-A-Power runs at intervals of 
12’’ or more. 


ELECTRICITY BY ‘ Type “F. L.” 
CORRECTING POWER 
FACTOR AT POINT 
a PROTECT wee: WITH FUSED SWITCHES 
one & RATED in HORSEPOWER 
OR CIRCUIT BREAKERS 


Type ‘’F. E.’’ Flex-A-Plugs have Trum- 
bull Type “AT” Automatic Circuit Breaker 
Mechanism providing automatic over 
current and short circuit protection. 


Here, for the first time, is a 
practical and economical method 
of conserving electric power by 
correcting unsatisfactory power 
factor conditions right at the 
point of load. Trumbull Capaci- 


Switch disconnect unit raised to show tor Plugs, pear ane a G-E 
rear stab connections to busbars in Pyranol Capacitor and switch- 


Flex~A - Plugs. ing orcircuit breaker disconnects, 


Type “F. D.” plugs contain Type 
“RBA” heavy duty motor circuit safety 
switch mechanism. 


Capacitor Plug 


Type ‘’F. L.”’ plugs with cam operated 
cover have double break switch mecha- 
nism with fuses accessible only when 
fully disconnected. 


can be plugged into a Flex-A-Power run at any point along the line. 


A maximum saving in power can thus be achieved by installing 
properly rated correction units wherever poor power factor loads are 
located. If machines are moved or load conditions vary, the Trumbull 
Capacitor Plugs may be quickly relocated to meet the new load 


PHASE FAILURE 
IMMEDIATELY 


requirements. 
For complete information about Flex-A-Plugs and the entire Trumbull 
istributi ite for Trumbull Bulletin 408. 
Enclosed Busbar Distribution Systems, write NoutniLenrlawarieer 


installed at ends of branch 


circuits, protect against 
Capacitor Plug voltage build-up in second- 


Circuit Breaker ary and give instant visual 


Disconnect. indication of phase failure. 


PLAINVILLE, CONN. 


OTHER FACTORIES AT NORWOOD (CINN.) O. — SEATTLE — SAN FRANCISCO — 


LOS ANGELES 
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Science Abstracts 


Fo electrical engineers ac- 
tively engaged in the prac- 
tice of their profession should 
subscribe to ‘Science Abstracts.” 


Through “Science Abstracts’ 
engineers are enabled to keep in 
touch with engineering progress 
throughout the world, as one 
hundred and sixty publications, 
in various languages, are regu- 
larly searched and abstracted. 
“Science Abstracts’’ are pub- 
lished in two sections, as follows: 


“A”—PHYSICS—deals with electricity, mag- 
netism, light, heat, sound, astronomy, 
chemical physics. 


“B”’—ELECTRICAL ENGINEERING—deals 
with electrical plant, power transmis- 
sion, traction, lighting, telegraphy, te- 
lephony, wireless telegraphy, prime 
movers, engineering materials, electro- 
chemistry. 


Published monthly by the Insti- 
tution of Electrical Engineers, 
London, in association with the 
Physical Society of London, and 
with the cooperation of the Ameri- 
can Institute of Electrical Engi- 
neers, the American Physical So- 
ciety and the American Electro- 
chemical Society, they constitute 
an invaluable reference library. 


Through special arrangement, mem- 


bers of the A.].E.E. may subscribe to 
“Science Abstracts” at the reduced rate 
of $5.00 for each section, and $10.00 for 
both. Rates to non-members are $9.00 
for each section and $15.00 for both. 
Subscriptions should start with the 
January issue. The first volume was 
issued in 1898. Back numbers are avail- 
able, and further information regarding 
these can be obtained upon application 
to the Secretary, I. E. E., Savoy Place, 
Victoria Embankment, London W. C. 
2, England. 


American Institute of 
Electrical Engineers 


33 West 39th Street, New York 
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QUICK CURRENT MEASUREMENTS 


WITH A 
TONG TEST AMMETER 


Increased production and time are, perhaps, two of 
the most important factors in our nation’s war effort. 
That’s why a TONG TEST AMMETER should be 
standard equipment in every plant doing any kind of 

war work. 


_-~=«-'This remarkable, portable in- 
_ strument saves valuable hours be-~- 
cause it measures both A. C. and 
D. C. up to 800 amperes in less 
than five seconds without necessi- 
tating a break in circuit or insu- 
lation. This almost unbelievable 
speed enables maintenance men 
to keep a closer check on current 
loads and, thus, keep productive 
machinery working at top speed. 


Weighing only 234 pounds, a 
TONG TEST AMMETER can be 
used anywhere by anyone. Get 
the complete facts by writing 
today for a copy of the TONG 
TEST bulletin. 


COLUMBIA ELECTRIC MFG. CO. 
4519 Hamilton Ave. Cleveland, Ohio 


Cre. ... Vital in a thousand ways to defense . .. must be used 
wisely. For example, using OVERSIZE copper conductors to obtain 
MECHANICAL strength is wasteful of precious material. The steel 
core of the Copperweld wire provides mechanical strength in 
Copperweld or Copperweld-copper Conductors. The copper need 
only do the job that copper does best—conduct electricity. 

Typical applications of copper-saving Copperweld are: power con- 
ductors for electric transmission and distribution systems, telephone 
line wire, telephone drop wire, telephone interior wiring, railroad 
signal line wire, railroad telephone line wire, and telegraph liné wire. 

Copperweld wire may also be used for many mechanical and 


non-electrical applications where brass or bronze wires have been 
employed. 


COPPER WIRES 2€— COPPERWELD WIRE 
100% COPPER 30% COPPER (OR 40%) 


COPPERWELD STEEL COMPANY 


, COPPERWELD - COPPER - BRONZE RODS, WIRE AND STRAND 
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Rheostats, Resistors 
im Electriceal Analyzer 
for Aircraft ‘<4 


The electrical analyzer, devised in the 
testing laboratories of the Republic Avi- 
ation Corp., was designed primarily to 
speed up aircraft testing and locate 
trouble without disconnecting any wir- 
ing. It also enables making adjustments 
on all electrical equipment prior to final 
assembly, for it is able to duplicate any 
missing circuits or loads. It also enables 
a direct analysis of any error in wiring ® 
assembly, indicating the exact location 
of circuits in error. Wide variation of 
power output makes it adaptable to any 
type of service or testing. 

The use of Ohmite resistance units in 
this aircraft electrical analyzer 
is another indication of how 
Ohmite products help speed 
war production—how they help 


Write on company letterhead for 
helpful 96-page Industrial Catalog 
and Engineering Manual No. 40. 


OHMITE 


Rheostats:Resistors 


OHMITE MANUFACTURING COMPANY 
4803 Flournoy St., Chicago, U. S. A. 


Tap Switches 
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Here’s More Good News About 
Leadless 


PTHE INSULATOR ¥ 


Trade Mark Reg. U. 8S. Pat. Off. 


Insulating Material 
A PRICE REDUCTION 


is put into immediate effect by 
MYCALEX CORPORATION OF AMERICA 


Exclusive Licensee under all patents of “MYCALEX” 
(PARENT) Co., Lid. 


Applicable to full sheets in 7 of the 9 thicknesses 


As much as 18% reduction in 


HOW MUCH? price of some sizes. Phone, 


wite or write for new ee list, effective Nov. 2, 1942. 


W HY " that our accelerated production facilities result in 
lower costs. We feel that vital war materials should be made 
available as cheaply as possible to all users, to encourage even 


wider applications. 
D E LI V E R | E Ss? Last month we stated in vari- 
ous trade and technical publi- 
cations that THE BOTTLE-NECK HAS BEEN BROKEN. We 
can supply full sheets of Leadless MYCALEX Insulating Ma- 
terial in large quantities, immediately. If you are using make- 
shift or substitute materials, change to Leadless MYCALEX 

Insulating Material. 


After a decade of unchanged prices, we now find 


SOME FACTS ABOUT MYCALEX INSULATING MATERIAL 


“The most nearly perfect electrical insulator known 
today” is what leading engineers say about Leadless 
MYCALEX Insulating Material. It is a ceramic, possess- 
ing the following characteristics of mechanical strength 
and low-loss electrical properties, as determined by an 
independent laboratory: 


CHARACTERISTICS: 
*Dielectric constant 6.4 | Dielectric strength 640 velts per mil. 
* Power factor 0.0023 | Specific gravity 2.5 
Sa fetter 1.49 Transverse strength 13,000 lbs. per 


Sq. in. 


*Measured at 300 kilocycles after 96 hours in distilled 
water according to Navy Specification RE-13A~-317F. 


Leadless MYCALEX Insulating Material is MACHINEABLE 


Your own mechanics 
can machine MYCA- 
LEX Insulating Ma- 
terial to accurate di- 
mensions. Or, send 


us your specifications 
and let us quote on 
machined parts fabri- 
cated in our machine 
shop at our new plant 
in Clifton, N. J. 


Write for our free illustrated booklet describ- 
ing uses, machining technique, etc. Address: 


MYCALEX CORPORATION OF AMERICA 


60 Clifton Boulevard, Dept. 5M, Clifton, N. J. 
EEE SE RET EEE ELE LEE, ELE OE 
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TYPE-FE 


r= 


TYPE-FD 


WRITE FOR CATALOG #40 


BURNDY 


107 EASTERN BLVD. 
NEW YORK CITY 


OIL-IMMERSED FLOAT SWITCH 


liquids. 


Laboratories, Inc. 


BALTIMORE 
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for 
maintaining 
a high or low 
liquid 
level 


The Rowan Type 
600-1 rod oper- 
ated FloatSwitch 
is designed for 
either tank or 
sump operation. 
The entire oper- 
ating mechan- 


ism is of] immersed, making it particularly suited for 
use in corrosive atmospheres. It is of the quick acting 
make and break type and is not affected by oscillating 


The Type 600-1 switch has a liberal rating and can 
be used either as a pilot switch or for direct operation 
of fractional horsepower motors. 

Bulletin 3911 on request. 


Type 600-1 switch designed to conform with the manufac- 
turer's Interpretation of the Underwriters‘ Laboratories, 
Inc. standards but not listed or tested by Underwriters* 


THE ROWAN CONTROLLER CoO. 


MARYLAND 


@ WRITE FOR BULLETIN 186 e 


In the Northern 
States, on the Gulf 
Coast, and both east 
and west—Minerallac 
Insulating Com- 
pounds are specified 
... proving that these 
materials do ‘‘stand 
up’’ no matter what 
change in tempera- 
ture may arise. 


MINERALLAC ELECTRIC Co. 


25 NORTH PEORIA ST. 


CHICAGO 


Engineering 
Societies Library 


A reference library for engineers—contains 
150,000 volumes—receives over 1,300 technical 
journals and periodicals on all branches of 


engineering. 


Searches are made upon engineering subjects, 
translations from foreign publications, photostats 


made, etc. 


Books may be borrowed by members of the 


AIEE. For 


information address, 


The En- 


gineering Societies Library, 33 West 39th St., 


New York. 


At Your Service 


SOLAR MFG. CORP., Bayonne, N. J. 
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Weston Model 633 
A-C CLAMP AMMETER 


—a real time-saver, which tests without 
disturbing circuits or interrupting work. 
The clamping jaws are simply placed 
over the conductor or switch blade for 
current reading. 


Weston Model 785 
INDUSTRIAL CIRCUIT TESTER 


A highly versatile tester for trouble 
shooting. Provides voltage, current and 
resistance ranges for checking motor 
and control circuits, lighting circuits, 
sensitive relay circuits, electronic cir- 
cuits, etc. (D-C sensitivity 20,000 ohms 
per volt.) 


= “Weston Electrical Instrument Corporation, 664 Frelinghuysen Avenue, Newark, 


Industry’s production figures bear testimony to the outstand- 
ing contribution electrical contractors and plant maintenance 
men are making to war-plant efficiency. Despite obstacles 
such as materials scarcities and limited manpower, electrical 
equipment—old and new—is being kept constantly fit for full 
scale output. 


As part of the efficient maintenance combat team the WESTON 
test instruments illustrated—and others—are playing an im- 
portant role. For in addition to their trustworthy indications on 
which maintenance has long learned to depend—they also pro- 
vide features which greatly simplify preventative maintenance 
procedure. In less time—at far lower cost—industry’s electrical 
equipment is being kept fit with dependable WESTONS. 


Weston Model 430 
TEST INSTRUMENTS 


The universal favorites for active 
maintenance .. . compact, rugged 
and with enduring precision. Large 
scale openings with hand cali- 
brated mirror scales assure quick, 
accurate readings. Available in 
A-C and D-C instruments and 
single phase wattmeters. 


Weston Model 703 
DIRECT READING 
ILLUMINATION METER 


— measures all types of lighting 
direct, without correction factors— 
fluorescent, mercury vapor, incan- 
descent, neon, daylight, etc. Made 
in models and ranges for shop and 
laboratory needs. 


Ne 


w Jersey 
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Designed for the engineer 
who aims for greater production 


MATHEMATICS 


7 


~ _ ENGINEERING_ 


Volume II Mathematical 
Engineering 


By ERNEST G. KELLER 
Published This Year! 


Those aspects of mathematics which pertain to engineering are 
presented in this top-notch volume, jam-packed with information 
which bridges the gap between physics and mathematics by the 
scientific method. Like the already famous Volume I, this new 
volume is a practical, usable book which will prove invaluable 
to student, engineer, architect, or anyone else concerned with 
structural problems. 

The material is the product of the theoretical Sipe ia work 
of the General Electric Company, and includes many references 
and numerous problems of varying degrees of difficulty. 

THE CONTENTS: Engineering Dynamics and Mechanical Vi- 
brations; Introduction to Tensor Analysis of Stationary Net- 


works and Rotating Electrical Machinery; Non-linearity in 
Engineering. 
309 Pages Illustrated 6x9 $4.00 


Volume III Now In Preparation 


Let Us Send You Your Copy on Approval 


JOHN WILEY & SONS, INC, 440 Fourth Avenue 


New York N. Y. 


THAN A SLIDE RUL 


A-C CALCULATION 
CHARTS 


by R. Lorenzen 


This new Rider Book greatly reduces the 
time required for alternating current 
engineering calculations—speeds up the 
design of apparatus and the progress of 
engineering students. Two to five times 
as fast as using a slide rule! 

A-C CALCULATION CHARTS are designed for 


use by civilian engineers and engineers of the 
armed forces who operate in the electrical]—com- 


$7.50 munication—power—radio—vacuum tube—tele- 
phone—and, in general the electronicfield. In- 
valuable for instructors as well as students, and 


160 Pages ee 
1 9: also administrative officers who check engineer- 
9 ip « 12 inches ing calculations. 


RANGE OF THE 146 2-COLOR CHARTS 


Frequency 10 cycles to 1000 Reactance 0.01 ohm to 10 meg- 
megacycles ohms 

Inductance 10 micromicrohenrys Susceptance 0.1 micromho to 100 
to 100,000 henrys mhos 

Capacitance 0.0001 micromicro- Impedance 0.01 ohm to 10 meg- 
farad to 1 farad ohms 

Resistance 0.01 ohm to 10 meg- Admittance 0.1 micromho to 100 
ohms mhos 

Conductance 0.1] micromho to 100 Oe 0.1 to 1000 
mhos Phase Angle 6° to 89.94° 


JUST OUT — ORDER TODAY! 
JOHN F. RIDER PUBLISHER, Inc. 


404 FOURTH AVENUE, NEW YORK CITY 
Export Division: Recke-International Elec. Corp., 100 Varick St.,N.Y.C. - Cable: ARLAB 


[EXPORT DIVISION 


t0D VARICK STREET 


NO PRIORITY 


is 


withstands 
resistant to most acids and can 
be produced to close dimen- 
sion tolerances. 
part that you can change-over 
to porcelain, adds to Amer- 


ica’s war program. There's no et 

priority on Porcelain parts. = are 
Let a Universal Porcelain 

Engineer work with you. Soc TR 


Have you a production bottle- 
neck that can be broken by 
switching metal parts to por- 
celain? Porcelain lends itself 
to many uses; in addition to its 
inherent characteristics as an 
electrical 
dry-process molded porcelain 


PORCELAIN 
PARTS 


CEDAR ts 


insulating material, 


impervious to 


high 


moisture, 
temperature, 


Every metal 


OULD DNL LLL ODE LILLIE LEO ALIA: 


THE UNIVERSAL CLAY PRODUCTS CO. 


1560 EAST FIRST ST. 
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The Reference Lash 
the Electrical Industry 


Aas Been Waiting Gor! 


DEFINITIONS OF 
ELECTRICAL TERMS 


Thousands of copies of this new 
American and Canadian Standard, pub- 
lished only a few months ago, have 
already been sold, indicating the wide- 
spread need for a reference work of 
this character. 


This is the first time the definitions 
of the important terms common to all 
branches of the art .as well as many 
specifically related to each of the 
various branches have been assembled 
and printed under one cover. 


The volume will be of major interest 
to all branches of the electrical pro- 
fession and should prove an invaluable 
aid to engineers, scientists, technicians, 
editors, teachers, students, manufacturers 
and many others. Priced exceptionally 
low for a publication of this character— 
to insure maximum distribution and 
service. 


Send for your copy today / 


¢ 312 pages, 8 x 11 inches, high 
quality paper and printing, serv- 
iceable blue fabricoid binding 
with gold lettering, thoroughly 
indexed. 


me cee ee es ee es es es es ee 


A.1.E.E. Standards Committee 
H. E. Farrer, Secretary 
33 West 39th Street, New York, N. Y. 


Please: send ime: isscssse eae can. copies of ‘Definitions of Electrical 
Terms. Price $1.00 net per copy in U. S. A. [$1.25 (U. S. A, 
currency) outside U.S. A.]. 


Remittance must be enclosed. 


(Make checks or M. O. payable to A. I. E. E.) 


No discount allowed on above prices. 


AMERICAN INSTITUTE OF ELECTRICAL ENGINEERS 


33 West 39th Street, New York, N. Y. 
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More bombs for Berlin. .. more terror for Tokio 


N TOTAL WARFARE, every pound of 
I metal we can save means just so much 
added destruction we can hurl at the 
enemy. 


7000 tons of steel saved meuns approx- 
imately 70,000 more heavy bombs to 
drop on Berlin and Tokio. 


2500 tons of copper saved means nearly 
1,000,000 additional 3 in. A. A. cartridge 
cases for blasting Zeros and Messer- 
schmitts out of the sky. 


Westinghouse will save these huge 
amounts of steel and copper during 1942 
in its Transformer Plant alone . . . be- 
cause of radical improvements in trans- 
former materials and design that have 
come out of the Westinghouse Research 
Laboratories and Westinghouse engi- 
neering: 


An entirely new kind of transformer 
steel wherein the crystals line up like 
tenpins in a row, instead of in helter- 
skelter fashion as in ordinary silicon 
steel. This new grain-oriented steel . . 


called Hipersil . . . is the result of nine 
years of intensive study and experiment 
by Westinghouse Research Engineers. 


Hipersil has one third more flux-car- 
rying capacity than the best grade of 
ordinary silicon steel. Because of its 
higher permeability, less Hipersil core 
material is needed. Transformer weight 
may be reduced 26 to 30 per cent. Hipersil, 
alone, will save thousands of tons of 
critical steel and copper in the vast num- 
ber of transformers Westinghouse will 
make during 1942. 


Forced oil-cooled transformers in 
which the cooling medium is rapidly cir- 
culated imside the transformer shell. 
This means quicker heat removal. Small- 
er cores and coils can do a bigger job. 
Strategic steel and copper are saved to 
help win the war. 


Copper temperature control. Here a 
liquid-cooled transformer carries a load 
up to the point where the copper reaches 
a critical temperature, beyond which the 
insulation may be damaged. By the use 


of this thermal control, higher safe loads 
can be carried. A transformer of a given 
size, therefore, does more work... an- 
other way of saving steel and copper for 
more shells and tanks and ships to hurl 
at the Axis. 


Better transformers go hand in hand 
with these major achievements of West- 
inghouse “‘know how’ in saving strate- 
gic materials for our all-out drive to 
victory. 

Westinghouse Electric & Manufactur- 
ing Company, Pittsburgh, Pennsylvania. 
Plants in 25 cities. Offices everywhere. 


You are cordially invited 


to visit the Westinghouse Electrical 
Exhibit at the Annual Convention of 
the American Association for the Ad- 
vancement of Science . . . December 
28-31st...at the Commodore Hotel, 


New York. 


« « - making Electricity work for Victory 
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NEW 


AIEE STANDARDS 


THREE REVISED STANDARDS 
TWO PROPOSED STANDARDS 


_Apparatus Bushings—No. 21.—This standard which includes an appen- 
dix the “Test Code for Apparatus Bushings” approved June 24, 1942, has 
been available in report form since March 1941. The standard specifically 
covers the following types of bushings: (a) outdoor bushings for large appa- 
ratus; (b) cover type bushings for small apparatus; (c) indoor bushings for 
all types of apparatus except dry type instrument transformers, air-blast 
transformers, dry type regulators, and circuit breakers rated below 5,000 volts, 
and non-oiltight oil circuit breakers rated at 50,000 kva or less. Pamphlet 
No. 21 is sold at a cost of 40 cents per copy, less 50 per cent discount to mem- 
bers of AIEE on single copies. 

© 


Air Switches and Bus Supports—No. 22.—This revised standard, No. 
22; approved June 24, 1942, supersedes the former standard of the same title. 
The standard covers all types of air switches and bus supports above 600 volts 
whether for indoor or outdoor service. It does not apply to air circuit breakers 
covered by standard No. 20. Pamphlet No. 22 is sold at a cost of 40 cents per 
copy, less 50 per cent discount to members of AIEE on single copies. 


Switchgear Assemblies—No. 27.—This revised standard, No. 27, ap- 
proved August 7, 1942, supersedes the former Standard No. 27 entitled 
“Switchboard and Switching Equipment for Power and Light’ and its pro- 
posed revision No. 27A. These standards cover assemblies of switchgear de- 
vices such as switches, interrupting devices, control, metering, protective and 
regulating equipment with associated interconnections and supporting struc- 
tures. These standards do not apply to industrial control equipment, com- 
munication switchboards and switching equipment, or switchboards for ship- 
board. Pamphlet No. 27 is sold at a cost of 30 cents per copy, less 50 per cent 
discount to members of AIEE on single copies. 


Neutral Grounding Devices—No. 32.—This pamphlet is a proposed 
standard approved for trial use. The proposed standard applies to grounding 
transformers, and to resistors, reactors, capacitors, and combinations of these, 
when used for grounding the neutrals of alternating-current electric systems. 
Copies of pamphlet No. 32 can be obtained without charge. 


Guiding Principles for the Selection of Reference Values for Elec- 
trical Standards—No. 3.—This pamphlet, a proposed standard approved 
for a trial period of approximately one year, is designed to serve as a guide in 
the preparation or revision of standards for apparatus or materials of specific 
types or fields of use. The values given are not mandatory, but are recom- 
mended for use in preference to other values unless there are good technical or 
economic reasons for using others. The values recommended have in general 
been selected to agree with well-established practices. Provisions are made 
for a great variety of conditions and for widely different apparatus and ma- 
terials, some of which may be of practical importance only under unusual cir- 


cumstances. Copies of pamphlet No. 3 can be obtained without charge. 


AMERICAN INSTITUTE OF 
ELECTRICAL ENGINEERS 


33 West 39th St., New York 


Nutype Matthews 
Conductor Connectors 


Regios 
WHY THEY ARE BETTER: 


(1). Broad, strong head, with 
size plainly marked. Sides of head 
have flat surface so wrench or 
pliers can grip tightly. 


(2). 100% Pure Copper, Cold 
forged bolt of ample strength for 
all purposes. High copper content 
prevents corrosion and _ season 
cracking. All edges are rounded. 


(3). Modified “V” shaped 
groove, holds wires in three point 
contact and prevents rocking or 
looseness. 


(4). 85% plus, full thread, die 
stamped, insures full engagement 
in nut, hence high strength con- 
nectors. No sharp edges. 


(5). “V” groove clamping jaw 
of cold forged, 100% pure copper. 
Flanged sides give greater bear- 
ing surface on nut, hence greater 
strength. 


(6). 97% copper content, hard 
metal nut—strong as steel. Full 
thread engagement with bolt. 


(7). Made in 9 sizes—6 sizes 
of cold forged copper as illus- 
trated and 4 sizes of machined 
high copper content alloy. 


Send for bulletin and free sam- 
ples and convince yourself of their 
superiority. 


With Nut Retainer 


W. N. MATTHEWS 


CORPORATION 
ST. LOUIS, U. S. A. 
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Advanced Methods of 
Mathematical Analysis 
as Applied to 
Electrical Engineering 


The series of five articles published in 
Electrical Engineering (February to June 
issues) on ‘Advanced Methods of Mathe- 
matical Analysis as Applied to Electrical Engi- 
neering,” has been reprinted in pamphlet 
form. 

These articles were first presented as lec- 
tures before the basic science group of the 
AIEE New York Section at a symposium 
held at Columbia University, of which Profes- 
sor Paul C. Cromwell of New York University 
was chairman. So much interest developed 
| that the authors were asked to make the mate- 
rial available to the entire Institute member- 
ship. The articles as subsequently published 
in Electrical Engineering are: 


Heaviside’s Direct Operational Calculus, J. B. 
Russell, Columbia University 


Integration in the Complex Plane, K. O. Fried- 
richs, New York University 


Laplacian Transform Analysis of Circuits With 
Linear Lumped Parameters, Jacob Millman, 
College of the City of New York 


Analysis of Systems With Known Transmis- 
sion-Frequency Characteristics by Fourier 
| Integrals, W. L. Sullivan, Stevens Institute of 
Technology 


Traveling Waves on Transmission Lines, Ernst 
Weber, Polytechnic Institute of Brooklyn 


ao” | The purpose of the lectures, which have been 

Official | published in essentially the form in which they 

U. S. Navy | P S A 

photograph | Were delivered, was to present a simplified and 
| coordinated series on the operational and 
transform methods for solving differential 
equations encountered in the work of Elec- 
trical Engineers. For those interested in 
studying the basic subject matter in more 
rigorous and complete form, lists of refer- 
ences accompany each article. Copies of 
the 36-page, 81/2- by 11-inch pamphlet may be 
obtained from the AIEE order department, 
33 West 39th Street, New York, N. Y., at 50 
cents each; special prices will be quoted on 
quantity orders. 


Lo 


“Transformers designed to the rigid requirements of the 
United States Navy have characteristics that enable them 
to meet the most extreme conditions. 


Waterproof—Hermetically Sealed Transformers, built to | smmssssssssssressesesesensesrsesecensenerssssesscsccaseeees: 
these specifications by the Chicago Transformer Corpora- | AIEE Order Department 

tion, not only pass the Navy Five Cycle Salt Water Im- | *9 West 39th Street, New York, N. ¥. 
mersion Test but also other severe operating, temperature Please send me: 


and pressure tests set up in our own laboratories. $= $§ |... Copies of ‘ADVANCED METHODS 


OF MATHEMATICAL ANALYSIS AS APPLIED 
TO ELECTRICAL ENGINEERING” 


CHICAGO TRANSFORMER 


CORPORATION 
3501 WEST ADDISON STREET e CHICAGO PG dt Ta ARIA ne OIG Go dre Cin id Ooi o.: 
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DECEMBER 1942 


BLACK & VEATCH 
Consulting Engineers 


Water, Steam and Electric Power Investiga- 
tions, Design, Supervision of Construction, 


aluation and Tests 
4706 Broadway 


FRANK F. FOWLE & CO. 


Electrical and Mechanical 
Engineers 


35 East Wacker Drive 


JACKSON & MORELAND 
Engineers 


Public Utilities—Industrials 
Railroad Electrification 
Designs and Supervision—Valuations 
Economic and Operating Reports 


BOSTON NEW YORK 


Z. H. POLACHEK 


Reg. Patent Attorney 
Professional Engineer 


PATENT—TRADE MARK SPECIALIST 
Individual or Yearly Basis 


1234 Broadway Phone 


(At 31 St. NEW YORK = Longacre 5-3088 


SANDERSON & PORTER 


ENGINEERS 
FINANCING REORGANIZATION 


ain as ayer hee eat 
oO! 
INDUSTRIALS and PUBLIC UTILITIES 


San Francisco 


Chicago New York 


WANTED 


A mechanical engineer with equip- 
ment and process design and devel- 
opment experience required at once 
for Leader, Process Engineering 
Group in Development Department 
now being established. Program re- 
lates to lumber, plywood, fibrous 

roducts, chemicals, etc. Location 
West Coast. Submit details educa- 


tion, references, salary requirement, 

hotograph, draft status. Address 
Bax 240, ELECTRICAL ENGI- 
NEERING. 33 West 39th St., 
New York City. 


KANSAS CITY, MO. 


CHICAGO 


ans 
Financial Investigations 


SARGENT & LUNDY 
ENGINEERS 


140 South Dearborn Street 
CHICAGO, ILLINOIS 


Professional services over a 
wide range are offered by 
these cardholders, 


Consult the directory when in 
need of specialized engineer- 
ing advice. 


THE J. G. WHITE 
Engineering Corporation 
Engineers—Constructors 


Oil Refineries and Pipe Lines, 
Steam and Water Power Plants, 


Transmission Systems, Hotels, Apartments, 
Offices and Industrial 


80 BROAD STREET 


Buildings, Railroads 
NEW YORK 


J. W. WOPAT 


Consulting Engineer 
TELEPHONE ENGINEERING 
Construction Supervision 


Appraisals—Financial 
Rate Investigations 


1510 Lincoln Bank Tower, Ft. Wayne, Ind. 


J. G. WRAY & CO. 
Engineers 
Utilities and Industrial Properties 


Appraisals Construction Rate Surveys 


Organizations Estimates 
Management 


105 West Adams St. Chicago 


WANTED 


AN ELECTRICAL ENGINEER, 
who likes to write and can handle 
technical subjects clearly, concisely, 
interestingly and accurately. Lei- 
sure-time opportunity for qualified 
and experienced man to prepare 
special articles, upon subject as- 
signment, for leading industry pub- 
lication at space rates. Indicate 
education, industry and writing 
experience and age in writing to 
Box 242, ELECTRICAL ENGI- 
NEERING, 33 West 39th St., New 
York City. 


200 Ampere, Catalog 275 


Compact 


A New Jersey engineer 
had the fallacious idea that 
he couldn’t get eighteen 
400 ampere disconnecting 
switches in an available 
space of 21 feet. 

Then he learned that 
Matthews Disconnecting 
Switches were only 37% 
inches wide in the 200 and 
400 ampere ratings and only 
434 inches wide in the 600 
ampere rating, and that 
they are all rated 7500 volts. 
His problem was solved and 
he had ample space to do 
a neat job. 

This is their tenth year 
of successful service. Thou- 
sands are in use all over 
the country. Send for Bul- 
letin ; 

Do you want to examine 
a sample? It will be sent 
prepaid on request, on loan 
account. 


W. N. MATTHEWS 
CORPORATION 
ST. LOUIS, U. S. A. 


600 Ampere, Catalog 675 
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The eyes of all 
America are upon 
the United States 


HOW TO 
“TOP THAT 10% BY NEW YEAR'S” 


Out of the 13 labor-management conferences sponsored by 
the National Committee for Payroll Savings and conducted 
by the Treasury Department throughout the Nation has 
come this formula for reaching the 10% of gross payroll War 
Bond objective: 


1. 


3. 
4. 


6. 


7. 


FVERY pia 


Decide to get 10%. 

It has been the Treasury experience wherever manage- 

ment and labor have gotten together and decided the 

job could be done, the job was done. 

Get a committee of labor and management to work out 

details for solicitation. 

a. They, in turn, will appoint captain-leaders or chair- 
men who will be responsible for actual solicitation of 
no more than 10 workers. 

b. A card should be prepared for each and every worker 
with his name on it. 

c. An estimate should be made of the possible amount 
each worker can set aside so that an ‘‘over-all" 
of 10% is achieved. Some may not be able to set 
aside 10%, others can save more. 

Set aside a date to start the drive. 

There should be little or no time between the announce- 

ment of the drive and the drive itself. 
The drive should last not over 1 week. 

The opening of the drive may be through a talk, a rally, 

or just a plain announcement in each department. 

Schedule competition between departments; show 

progress charts daily. 

Set as a goal the Treasury flag with a ‘'T.” 


' Honor abpearin, 

in the "Payro 
Savings News.” 
Treasury 


ton, 


S of today, more than 20,000 firms of 

all sizes have reached the “Honor 
Roll” goal of at least 10% of the gross 
payroll in War Bonds. This isa glorious 
testimony to the voluntary American way 
of facing emergencies. 


But there is still more to be done. By 
January 1st, 1943, the Treasury hopes to 
raise participation from the present total 
of around 20,000,000 employees investing 
an average of 8% of earnings to over 
30,000,000 investing an average of at least 
10% of earnings in War Bonds. 


You are urged to set your own sights 
accordingly and to do all in your power to 
start the new year on the Roll of Honor, to 
give War Bonds for bonuses, and to pur- 
chase up to the limit, both personally and 
as a company, of Series F and G Bonds. 
(Remember that the new limitation of pur- 
chases of F and G Bonds in any one calen- 
dar year has been increased from $50,000 
to $100,000.) 


TIME IS SHORT. Our country is counting 
on you to— 


“TOP THAT 10% 
BY NEW YEAR’S” 


War Savings Bonds 


This space is a Contribution to America’s All-Out War Effort by ELECTRICAL ENGINEERING 


Treasury Roll of 
Z 


For copy write 
War Savings Staff, 

epart- 
aia Washing- 
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Engineering 
ocieties 


New York 


8 West 40th St. Chicago 


Boston 
4 Park St. 


NOTICE: Due to the expansion of the various Societies 
in the Engineering Building, the New York Office of the 
Engineering Societies Personnel Service, Inc. has found 
it necessary to secure new quarters, These quarters are 
located at Eight West 40th Street and will be occupied 
as of December 1st, 1942. This move in no way disrupts 
the cooperation between the Engineering Societies and 
the Personnel Service. 


The following items are furnished by the Engineering 
Societies Personnel Service, Inc., which is under the joint 
management of the national societies of Civil, Electrical, 
Mechanical, Mining and Metallurgical Engineers. This 
Service is available to members and is operated on a co- 
Operative, non-profit basis. 


Positions Available 
(See also page 37) 


PATENT ENGINEER. Must understand elec- 
tronic devices with emphasis on circuits. Salary, 
$6000 a year. Location, New York, N.Y. W-1311. 


ENGINEERS. (a) Assistant Project Research 
Engineer, electrical, for development and research 
on radio and electrical precision instruments. 
Salary, $3000-$4500 a year, for a six-day week, 
48-hour week. (b) Radio Designers experienced in 
either mechanical or electrical work. Salary, $4680 
a year, six-day, 48-hour week. Location, New York 
Metropolitan Area. W-1329. 


ENGINEERS. (a) Research and Development 
Engineer, either mechanical or electrical, experi- 
enced in fine precision instrument work. (b) Pro- 
duction Control Engineer with from three to five 
years’ experience in precision manufacturing. 
(c) Tool Engineer and Designer. Salaries, $5000— 
$7500 a year. Location, New York, N.Y. W-1340. 


ELECTRICAL ENGINEERS. (a) Electrical 
Foreman, supervising the work of fifteen men. 
Will have complete charge of maintenance and 
construction work in large, modern chemical plant. 
Salary, $3600 a year. &} Recent Graduate Elec- 
trical Engineer with little or no experience. Will 
do some electrical drafting, a great deal of detail 
work in the office, writing requisitions for electrical 
materials, keeping records of electrical starters, 
motors and some special field work, testing and 
calibrating some meters, relaying, etc. Salary, 
$1820—$2080 a year. Location, Louisiana. W-1354. 


ELECTRICAL ENGINEER for marine wiring 
installation. Must be qualified to direct the lay- 
out and installation aboard ship. While marine 
experience is desired, a capable industrial building 
wiring man would qualify. Permanent. Location, 
New York, N. Y. W-1357. 


ELECTRICAL ENGINEER for testing motors 
and motor generating sets. Some previous experi- 
ence desirable. Salary open. Location, northern 
New Jersey. W-1364. 


RESEARCH ENGINEER for direction of an 
educational and development program in the 
acoustical and electronics field. Experience in 
acoustics mecessary. Salary, $4500—-$5000 a year. 
Location, New York, N. Y. W-1375. 


JUNIOR ELECTRICAL ENGINEER for elec- 
tronics laboratory. Should have a good mathe- 
matical background and preferably some experi- 
ence in electronics, Salary, to start, $2060 a year, 
plus overtime. Location, New York Metropolitan 
Area. W-1408. 


ENGINEER, 45-55, who has a good engineering 
background with general civil and electrical engi- 
neering experience. Should be a good administrator 
and executive. Salary, $5600 a year. Location, 
Washington, D.C. W-1410. 


UTILITIES ENGINEER. Must have had a 
well rounded experience in the electrical utilities 
field. Should be capable of intelligent solution of 


operating, generating and distribution problems. 


Personnel Service, inc. 


211 West Wacker Dr. 


Detroit 


San Franci 
100 Farnsworth Ave. aie 


57 Post St. 


In applying for positions advertised by the Service, the 
applicant agrees, if actually placed in a position through 
the Service as a result of these advertisements, to pay a 
placement fee in accordance with the rates as listed by the 

ervice. These rates have been established in order to 
maintain an efficient, non-profit personnel service and are 
available upon request. This also applies to registrants 
whose notices are placed in these columns. 


All replies should be add d to th 
indicated and mailed to the New York Orica” La 


A weekly bulletin of engineering positions open is 
available to members of the cooperating societies at a 


subscription of $3 per quarter or $10 per annum, payable 
in advance. 


Will deal directly with company officials and work 
directly under the Chief Engineer. Salary open. 
Location, New York, N. Y. W-1414. 


GRADUATE ELECTRICAL ENGINEER to 
work with the engineering department of an instru- 
ment manufacturer and in cooperation with them 
write operating and servicing manuals. Must 
have had some writing experience. Permanent. 
Salary open. Location, New York, N. Y. W-1438. 


ELECTRICAL OR MECHANICAL ENGI- 
NEER experienced in pumps, internal combustion 
engines, road building equipment, compressors and 
pneumatic tools, Salary, $4800-$6000 a year. 
Location, Washington, D.C. W-1513. 


ELECTRICAL OR MECHANICAL GRADU- 
ATE ENGINEER, young, up to date on wage 
incentive work and capable of taking charge of 
such work within a reasonably short time. Position 
permanent for the right man. For 50 hours per 
week during war period, salary, $4000 a year; for 
40 hours per week, salary, $3300 a year. Location, 
Minnesota. R-1162C. 


Men Available 


ELEC ENGR; 47, married; G E Test, Sales 
Engr, switchgear specialist, asst util engr. Loca- 
tion immaterial. Only permanent pos considered. 
Available reasonable notice. E-58. 


ELEC ENGR available on reasonable notice. 
Exper includes mech and elec pwr, devpmt of in- 
ventions, technical writing and teaching, dept 
management and meeting public. Only permanent 
position considered. E-59. 


ELEC ENGG GRAD), Bliss; 38, married; exper 
14 yrs pub util engg, constr; 2 yrs eqpt mainte- 
nance; some inside wiring; wants permanent pos in 
United States or possessions. E-60. 


ELEC ENGR; 34; broad maintenance and 
constr exper; chemical industry; exper estimating, 
specifications and des; present co 9 yrs; married, 
draft exempt; desire opportunity for wider use of 
ability. E-61. 


E.E., 1923; married, 42; thoroughly exper 
engg, constr, oprn and management elec util, par- 
ticularly distr, transm and hydro plants; desires 
responsible engg or management pos util or allied 
industry. E-62. 


EXEC DEVPMT ENGR; 55; employed. 
Many patents on electro-mech apparatus and 
processes. Talks language of research lab and 
operator in metal industry. E-63. 


ELEC ENGR. Long exper in pub util opera- 
tion and management, devpmt of new products in 
the elec and non-ferrous industries; at present 
employed, seeks opportunity for wider use of 
ability. E-64. 


ELEC ENGR, 20 yrs util exper, 14 yrs in Brazil 
with engg registration and legal residence there. 
Would like to make contact with American organi- 
zation requiring technical representative in that 
country. E-65. 


Eee —E——E—E———EEE ane 
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SAVE $5.00 A TURN 
OR DEADEND 
on 000 to 1,500,000 C.M. 
cable with 


Matthews Cable Clamps 


Shows how strain caused by right 
angle taps can be relieved 


Deadending Two Cables 


Order Number 2 for use on D.C. 
Cable or Number 3 for use on 
A.C. Cable. 

Hundreds of thousands of these 
Clamps have been sold. 

Every order for 000 to 1,500,000 
C.M. Cable should include an or- 
der for Matthews Cable Clamps 
for every corner or deadend. 


Write for Bulletin C. 
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ADVERTISED PRODUCTS INDEX 


AMMETER COMPENSATING COILS 
Minerallac Electric Co., Chicago 


ETERS, VOLTMETERS 
BN See INSTRUMENTS, ELECTRICAL) 


RS, GUY f 
NO Matthews Corp., St. Louis, Mo. 


BOXES, CABLE JUNCTION ; 
G & W Electric Specialty Co., Chicago 


ES, KELVIN-WHEATSTONE 
WS ale Mfg. Co., Collingdale, Pa. 


5 MMUTATOR 
LM eg esaie Co., Inc., Cleveland, O. 


BUS BAR SUPPORTS 
Burndy Engg. Co., Inc., New York 
General Electric Co., Schenectady, N. Y. 


BUS DISTRIBUTION SYSTEMS 
Square D Co., Detroit, Mich. 


PACITORS 
Sa Aerovox Corp., New Bedford, Mass. 


General Electric Co., Schenectady, N. Y. 
Solar Mfg. Corp., Bayonne, N. J 


Sprague Specialties Co., North Adams, Mass. 


Westinghouse E. & M. Co., E. Pittsburgh 


CIRCUIT BREAKERS 
Air Enclosed 


General Electric Co., Schenectady, N. Y. 
I-T-E Circuit Breaker Co., Philadelphia 
Roller-Smith Co., Bethlehem, Pa. 

Square D Co., Detroit, Mich. : 
Westinghouse E. & M. Co., E. Pittsburgh 


Oil 
Allis-Chalmers Mfg. Co., Milwaukee, Wis. 
General Electric Co., Schenectady, N. Y. 


Roller-Smith Co., Bethlehem, Pa. 
Westinghouse E. & M. Co., E. Pittsburgh 


CLAMPS, CABLE SUPPORTING . 
Matthews Corp., W. N., St. Louis 


CLAMPS, HOT LINE , 
Matthews Corp., W. N., St. Louis 


CLIPS, WIRE ' 
Matthews Corp., W. N., St. Louis 


CONDENSERS, ELECTROSTATIC 
Aerovox Corp., New Bedford, Mass. 
General Electric Co., Schenectady, N. Y. 
General Radio Co., Cambridge, Mass. 
Solar Mfg. Corp., Bayonne, N. J. 


Sprague Specialties Co., North Adams, Mass. 


Westinghouse E. & M. Co., E. Pittsburgh 


CONDUIT PRODUCTS 
General Electric Co., Bridgeport, Conn. 
National Elec. Products Corp., Pittsburgh 


CONNECTORS, SOLDERLESS 
Burndy Engg. Co., Inc., New York 
General Electric Co., Schenectady, N. Y. 
Matthews Corp., W. N., St. Louis 
National Elec. Products Corp., Pittsburgh 
Square D Co., Detroit, Mich. 


CONTROLLERS 
Allis-Chalmers Mfg. Co., Milwaukee, Wis. 
General Electric Co., Schenectady, N. Y. 
Rowan Controller Co., Baltimore, Md. 
Square D Co., Milwaukee, Wis. 
Westinghouse E. & M. Co., E. Pittsburgh 


CONVERTERS, SYNCHRONOUS 
Allis-Chalmers Mfg. Co., Milwaukee, Wis. 
General Electric Co., Schenectady, N. Y. 
Westinghouse E. & M. Co., E. Pittsburgh 


CUTOUTS, PRIMARY-SEC. DISTRIB. 
G& W Electric Specialty Co., Chicago 
Matthews Corp., W. N., St. Louis 


DRAFTING PENCILS 
Dixon Crucible Co., J., Jersey City, N. J. 


ELECTRONIC TUBES 
General Electric Co., Schenectady, N. Y. 
Westinghouse E. & M. Co., E. Pittsburgh 


FURNACES, ELECTRIC 
American Bridge Co., Pittsburgh 
General Electric Co., Schenectady, N. Y. 


FUSES, HIGH VOLTAGE 
Schweitzer & Conrad, Inc., Chicago 
Westinghouse E. & M. Co., E. Pittsburgh 
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FUSE LINKS : 
. Matthews Corp., W. N., St. Louis 


FUSE PULLERS & PLIERS ‘ 
Matthews Corp., W. N., St. Louis 


GASKETS : 
Armstrong Cork Co., Lancaster, Pa. 


GENERATORS AND MOTORS : 
Allis-Chalmers Mfg. Co., Milwaukee, Wis. 
General Electric Co., Schenectady, N. Y. 
Westinghouse E. & M. Co., E. Pittsburgh 


GROUND RODS 
Copperweld Steel Co., Glassport, Pa. 


GUARDS, GUY WIRE 
Matthews Corp., W. N., St. Louis 


HEATING UNITS 
General Electric Co., Schenectady, N. Y. 


HOUSINGS, CONTROL APPARATUS . 
Kirk & Blum Mfg. Co., The, Cincinnati 


INSTRUMENTS, ELECTRICAL 
Graphic 

Ferranti Electric, Inc., New York 
General Electric Co., Schenectady, N. Y. 
Leeds & Northrup Co., Philadelphia 
Roller-Smith Co., Bethlehem, Pa. 
Westinghouse E. & M. Co., E. Pittsburgh 
Weston Elec. Instrument Corp., Newark, N. J. 


Indicating 


Biddle Co., James G., Philadelphia 

Ferranti Electric, Inc., New York 

General Electric Co., Schenectady, N. Y. 
Leeds & Northrup Co., Philadelphia 
Roller-Smith Co., Bethlehem, Pa. 
Westinghouse E. & M. Co., E. Pittsburgh 
Weston Elec. Instrument Corp., Newark, N. J. 


Integrating 


Ferranti Electric, Inc., New York 

General Electric Co., Schenectady, N. Y. 
Westinghouse E. & M. Co., E. Pittsburgh 
Weston Elec. Instrument Corp., Newark, N. J. 


Scientific Laboratory, Testing 


Acme Elec. & Mfg. Co., Cuba, N. Y. 

Biddle Co., James G., Philadelphia 

Du Mont Labs., Inc., Allen B., Passaic, N. J. 
Ferranti Electric Inc., New York P 
General Electric Co., Schenectady, N. Y. 
General Radio Co., Cambridge, Mass. 

Leeds & Northrup Co., Philadelphia 
Roller-Smith Co., Bethlehem, Pa. 

Shallcross Mfg. Co., Collingdale, Pa. 
Westinghouse E. & M. Co., E. Pittsburgh 
Weston Elec. Instrument Corp., Newark, N. J. 


INSULATING MATERIALS 


Cloth 


General Electric Co., Bridgeport, Conn. 
Irvington Varnish & Ins. Co., Irvington, N. J. 
Minerallac Electric Co., Chicago 
Westinghouse E. & M. Co., E. Pittsburgh 


Compounds 


General Electric Co., Bridgeport, Conn. 
Minerallac Electric Co., Chicago 

Roebling’s Sons Co., John A., Trenton, N. J. 
Westinghouse E. & M. Co., E. Pittsburgh 


Lava 
American Lava Corp., Chattanooga, Tenn. 


Moulded 


Bakelite Corp., New York 

General Electric Co., Bridgeport, Conn. 
Square D Co., Peru, Ind. 

Westinghouse E. & M. Co., E. Pittsburgh 


Paper 


General Electric Co., Bridgeport, Conn. 
Irvington Varnish & Ins. Co., Irvington, N. J. 
Westinghouse E. & M. Co., E, Pittsburgh 


Steatite Ceramic Compositions 
American Lava Corp., Chattanooga, Tenn. 


Tape, Friction 
Minerallac Electric Co., Chicago 
Okonite Company, The, Passaic, N. J. 
Roebling’s Sons Co., John A., Trenton, N. J. 


Varnishes 
Dolph Company, John C., Newark, N. J. 
General Electric Co., Bridgeport, Conn. 
Irvington Varnish & Ins. Co., Irvington, N. Af 
Minerallac Electric Co., Chicago 


INSULATORS, PORCELAIN 
General Electric Co., Schenectady, N. Y. 
Lapp Insulator Co., LeRoy, N. Va 
National Elec. Products Corp., Pittsburgh 
Ohio Brass Co., Mansfield, O. 
Universal Clay Prod. Co., Sandusky, O. 
Westinghouse E. & M. Co., E. Pittsburgh 


INSULATOR TESTING EQUIPMENT 
Ferranti Electric, Inc., New York 
General Radio Co., Cambridge, Mass. 
Roller-Smith Co., Bethlehem, Pa. 


INSULATION TESTING EQUIPMENT 
Biddle Co., James G., Philadelphia 


LAMP GUARDS & CHANGERS 
Matthews Corp., W. N., St. Louis 


LIGHTING EQUIPMENT, OUTDOOR 
General Electric Co., Schenectady, N. Y. 
Westinghouse E. & M. Co., E. Pittsburg! 


LIGHTNING ARRESTERS 
General Electric Co., Schenectady, N. Y. 
Schweitzer & Conrad, Inc., Chicago 
Westinghouse E. & M. Co., E. Pittsburgh 


LIGHTING GAPS 
Matthews Corp., W. N., St. Louis 


LOAD RECORDERS—CONTROLLERS 
Leeds & Northrup Co., Philadelphia 


MAGNETS, ALNICO 
Arnold Engg. Co., The, Chicago 


MEGOHMMETERS 
Shallcross Mfg. Co., Collingdale, Pa. 


METERS, ELECTRICAL 
(See INSTRUMENTS, ELECTRICAL) 


MOTORS 
(See GENERATORS AND MOTORS) 


OSCILLOGRAPHS, CATHODE RAY 
Du Mont Labs., Inc., Allen B., Passaic, N. J. 
General Electric Co., Schenectady, N. Y. 
General Radio Co., Cambridge, Mass. 
Westinghouse E. & M. Co., E. Pittsburgh 


PENCILS, DRAWING 
Dixon Crucible Co., J., Jersey City, N. J. 


PLASTICS 
Bakelite Corp., New York 
General Electric Co., Schenectady, N. Y. 


POLE LINE HARDWARE 
Ohio Brass Co., Mansfield, O. 


PORCELAIN, ELECTRIC 
Square D Co., Peru, Ind. 
Universal Clay Prod. Co., Sandusky, O. 


POTHEADS 
G & W Electric Specialty Co., Chicago 


RECTIFIERS 
Allis-Chalmers Mfg. Co., Milwaukee, Wis. 
Federal Tel. & Radio Corp., E. Newark, N. J. 
General Electric Co., Schenectady, N. Y. 
Westinghouse E. & M. Co., E. Pittsburgh 


REELS, PAYOUT & TAKEUP 
Matthews Corp., W. N., St. Louis 


REGULATORS, VOLTAGE 
Allis-Chalmers Mfg. Co., Milwaukee, Wis. 
General Electric Co., Schenectady, N. Y. 
General Radio Co., Cambridge, Mass. 
Roller-Smith Co., Bethlehem, Pa. 
Sola Electric Co., Chicago, Ill. 
Westinghouse E. & M. Co., E. Pittsburgh 


RELAYS 
Cramer Co., Inc., R. W., Centerbrook, Conn. 
General Electric Co., Schenectady, N. Y. 
I-T-E Circuit Breaker Co., Philadelphia 
Roller-Smith Co., Bethlehem, Pa. 
Westinghouse E. & M. Co., E. Pittsburgh 
Weston Elec. Instrument Corp., Newark, N. J. 


RELAY TEST SETS 
Shalleross Mfg. Co., Collingdale, Pa. 


RESISTORS 
General Electric Co., Schenectady, N. Y. 
General Radio Co., Cambridge, Mass. 
International Resistance Co., Philadelphia 
Ohmite Mfg. Co., Chicago 
Shallcross Mfg. Co., Collingdale, Pa. 
Sprague Specialties Co., North Adams, Mass. 
Westinghouse E. & M. Co., E. Pittsburgh 


(Continued on page 42) 
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WAR 


needs the wires 
this Christmas 


War can’t wait—not even for Christmas. 


So please don’t make Long Distance 
calls to war-busy centers this Christmas 


lo ae ON 
unless they’re vital... seit TELEPHONE SYSTEM (Ba) 


4] 
DECEMBER 1942 


% Still another outstanding contribution to 
cathode-ray oscillography—the new DuMont 
Type 215 Low-Frequency Linear-Time-Base 
Generator. This accessory instrument used 
in conjunction with a DuMont Type 175-A or 
equivalent cathode-ray oscillograph, permits 
studies requiring sweep frequencies as low 
as one cycle every few seconds. Note this 
check list of main features: 


V Sweep frequency range of 0.2 to 125 cycles per 
second. 


V Balanced output signal voltage. 


V Undistorted output signal of approximately 450 
volts peak-to-peak. 


V Single sweep initiated either manually or by 
observed signal. 


V Excellent linearity assured by compensating 
circuit. 


V When used with DuMont 175-A Oscillograph, 
pattern may in effect be spread out to an extent 
corresponding to approximately three times full 
scale deflection, or 15”. 


V Operates on 115 or 230 v., 40-60 cycle a.c. 
50-watt consumption. Portable steel case with 
carrying handle. Etched black panel. 14% h., 
8 13/16” w., 191/4” d., 41 lbs. 


* Write for Literature... 


ALLEN B. DU MONT LABORATORIES, INC. 


Passaic, New Jersey - 


~ 4\ 


Wespexlin, New York 


‘Coble Address: € 
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ADVERTISED 
PRODUCTS INDEX 
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RHEOSTATS, LABORATORY , 
Biddle Co., James G., Philadelphia 
General Electric Co., Schenectady, N. Y. 
General Radio Co., Cambridge, Mass. _ 
International Resistance Co., Philadelphia 
Ohmite Mfg. Co., Chicago 2 
Westinghouse E. & M. Co., E. Pittsburgh 


SEALS 


Armstrong Cork Co., Lancaster, Pa. 


SHEET METAL PRODUCTS Py ly 
Kirk & Blum Mfg. Co., The, Cincinnati 


STANDARDS, RESISTANCE 
Shallcross Mfg. Co., Collingdale, Pa. 
STEEL, ELECTRICAL a 
Allegheny Ludlum Steel Corp., Pittsburgh 


SWITCHBOARDS ? . 
Allis-Chalmers Mfg. Co., Milwaukee, Wis. 
General Electric Co., Schenectady, N. LY. 
I-T-E Circuit Breaker Co., Philadelphia 
Roller-Smith Co., Bethlehem, Pa. 

Square D Co,, Detroit, Mich. __ 
Westinghouse E. & M. Co., E. Pittsburgh 


SWITCHES—PANELS , 
Square D Co., Detroit, Mich. 


SWITCHES, ROTARY SELECTOR 
Shallcross Mfg. Co., Collingdale, Pa. . 


SWITCHES, AUTOMATIC TIME 
Cramer Co., Inc., R. W., Centerbrook, Conn. 
General Electric Co., Schenectady, N. Y 
Minerallac Electric Co., Chicago 


SWITCHES, DISCONNECT 
General Electric Co., Schenectady, N. Y. 
Matthews Corp., W. N., St. Louis 
Roller-Smith Co., Bethlehem, Pa. 
Square D Co., Detroit, Mich. __ 
Westinghouse E. & M. Co., E. Pittsburgh 


SWITCHES, GENERATOR FIELD 4 
I-T-E Circuit Breaker Co., Philadelphia 
Roller-Smith Co., Bethlehem, Pa. 


SWITCHES, OIL 
G & W Electric Specialty Co., Chicago 


SWITCHES, SERIES LIGHTING |. 
Matthews Corp., W. N., St. Louis 


SWITCHGEAR HOUSINGS 
Kirk & Blum Mfg. Co., The, Cincinnati 


TIMERS, ALL TYPES 
Cramer Co., Inc., R. W., Centerbrook, Conn. 


TOWERS, TRANSMISSION 
American Bridge Co., Pittsburgh 


TRANSFORMERS 
Acme Elec. & Mfg. Co., Cuba, N. Y. 
Allis-Chalmers Mfg. Co., Milwaukee, Wis. 
Chicago Transformer Corp., Chicago, III. 
Ferranti Electric, Inc., New York 
General Electric Co., Schenectady, N. Y. 
General Radio Co., Cambridge, Mass. 
Kuhlman Electric Co., Bay City, Mich. 
Roller-Smith Co., Bethlehem, Pa. 
Sola Electric Co., Chicago 
United Transformer Co., New York 
Westinghouse E. & M. Co., E. Pittsburgh 


TURBINES and TURBINE GENERATORS 
Allis-Chalmers Mfg. Co., Milwaukee, Wis. 
General Electric Co., Schenectady, N. Y. 
Westinghouse E. & M. Co., E. Pittsburgh 


VARNISHES, INSULATING 
Dolph Company, John C., Newark, N. J. 
General Electric Co., Bridgeport, Conn. 
Irvington Varnish & Ins. Co., Irvington, N. J. 
Westinghouse E. & M. Co., E. Pittsburgh 


WELDERS, ARC 
Allis-Chalmers Mfg. Co., Milwaukee, Wis. 
General Electric Co., Schenectady, N. Y. 
Westinghouse E. & M. Co., E. Pittsburgh 


WELDING WIRE 
American Steel & Wire Co., Cleveland, O. 
General Electric Co., Schenectady, N. Y. 


WIRES AND CABLES 
Aluminum Co. of America, Pittsburgh 
American Steel & Wire Co., Cleveland, O. 
Belden Mfg. Co., Chicago 
Copperweld Steel Co., Glassport, Pa. 
Crescent Ins. Wire & Cable Co., Trenton, N. J 
General Electric Co., Schenectady, N. Y. 
Kerite Ins. Wire & Cable Co., New York 
National Elec. Products Corp., Pittsburgh 
Okonite Company, The, Passaic, N. J. 
Okonite-Callender Cable Co., Passaic, N. J. 
Roebling’s Sons Co., John A., Trenton, N. J. 


Two Resistance 
Welding Aids 


... Prepared hy an AIEE Committee 


Applications of resistance welding 
in the fabrication of industrial prod- 
ucts have increased tremendously in 
the past several years, and now are 
contributing heavily in industry’s 
“all out” effort to produce the sinews 
of war. Successful and efficient re- 
sistance-welder performance is de- 
pendent upon good electrical-ma- 
chine characteristics, and an ade- 
quate power supply is one of the re- 
quirements of present-day high- 
speed production. : 

To assist power engineers, indus- 
trial plant engineers, welding ma- 
chine engineers, and any others ac- 
tively interested in resistance weld- 
ing, in planning layouts for welder 
installations and in the purchase of 
new equipment, the subcommittee 
on power supply for welding opera- 
tions of the AIEE committee on elec- 
tric welding has prepared a three- 
part report entitled “Power Supply 
for Resistance-Welding Machines,” 
covering: 


I. Guide to Good Electrical Per- 

formance of Resistance-Weld- 
ing Machines. 
Intended to assist in the prepa- 
ration of specifications for the 
purchase of welding machines 
for the best electrical design, 
and covers spot, projection, 
butt, flash, seam, and portable 
welders. 


II. Resistance-Welder 
tion. 
Covers recommended methods 
of installing resistance-welding 
equipment, based upon a sur- 
vey of a number of commercial 
installations throughout the 
United States. 


III. Factory Wiring for Resistance 
Welders 
Shows how properly to lay out 
a plant power-distribution sys- 
tem for serving welding ma- 
chines. 


Installa- 


The report is available in two 
8'/s- by 11-inch printed pamphlets, 
Parts I and II (16 pages) in one, and 
Part III (12 pages) in the other. 
Copies of each pamphlet may be ob- 
tained at 25 cents each from the 
AIEE Order Department, 33 West 
39th St., New York, N. Y., pay- 
ment to accompany order. 
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No land battleship could be maneuvered more rural or hi-lines—are to have wire and fittings 
cleverly than the way he handled this cable- needed to keep them on the job. Ruling P-46 
stringing “cat.” The skill with which he snaked permits you to obtain the proper materials for 
the bull ropes through swamps, up hill and their maintenance. 


down, speeded erection of this important line. If it’s engineering help you’re needing, Alcoa 


Today, this line is backing him up, carrying engineers are available to give you that, too. 


wer to vital war-production plants. Write ALUMINUM COMPANY OF AMERICA, 2149 
P P 


The Government has ruled that power lines— Gulf Building, Pittsburgh, Pennsylvania. 


Becta 


eee TOE 


ON RURAL POWER LINES AND HI-LINES 
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There are plenty of reasons why Kuhlman 

distribution transformers stand up on the 
job. The use of the Kuhlman B. I. (Bent-Iron) 
core, the heart of this transformer, results in 
lower exciting currents, reduced weight and 
better all around operating characteristics. 
The tank is made of copper bearing steel to re- 
sist the havoc of rust and corrosion. Pockets for 


\ N 
\ \ \ 
i 


primary and secondary bushings are pressed 
into the tank to protect bushing seats from 
the weather. Primary and secondary bushings 
are both sturdily constructed to prevent break- 
ing. In fact, each component part of a Kuhlman 
distribution transformer is chosen for its ability 
to take more punishment than it will ever be 
subjected to in service. 
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TYPE E-216 


69-ky Single-bushing Potential Transformer (Available from 23 kv to 69 ky) 
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ACCURACY—Well within the highest accuracy 
classification— yw, 144X, W4Y, 4Z—these trans- 
formers are suitable for both metering and relaying— 
line to neutral, on grounded and ungrounded circuits. 


INSULATION — Impulse levels meet the test require- 
ments established by ASA Standards. 


IMPULSE FLASHOVER— The porcelain housing 
acts as a high-voltage bushing and has the same 60- 
cycle and impulse-flashover characteristics as the 
conventional-type bushing. For example, the following 
data apply to the 69-kv size: 
60-cycle, dry, 1-minute-withstand test—175 kv 
60-cycle, wet, 10-second-withstand test—145 kv 
Full-wave-impulse-withstand test—350 kv 


E& 


The Navy “E”, for Excellence, has 
been awarded to 92,780 General 
Electric employees in five plants 
manufacturing naval equipment 


You can adopt G-E instrument transformers as 
standard throughout your system, for General 
Electric makes a complete line—indoor and outdoor, 
current and potential, and portable types. 

For additional information about the E-216 or 
other types, address the nearest G-E representative. 
General Electric, Schenectady, N. Y. 
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